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Abstract
The hover actuator system is a proof of concept platform. The design models the ability of a
flapping foil to assist an undersea vehicle's shallow water sea-keeping performance. Goals
of this study are to demonstrate an effective regime of foil motion amplitude, frequency,
pitch angle offset, pitch angle amplitude and phase angle for two types of motion. Using the
time-averaged thrust coefficient, I find that the lower frequencies provide the highest thrust
coefficient of 3.1 at G0=600, hdc= 1.5, and f0.4Hz for the treading water mode. Significantly
lower thrust coefficients are observed for the figure eight mode with maximum of 1.8
occurring at G0=300, hdc=1, and f-0.2Hz. In addition to finding the optimal regime of thrust
coefficient, the total thrust is also analyzed to find the regimes of absolute maximum thrust.
Again, for the water treading mode the peak thrust was 24Newtons at 00=600, hjc=2.5, and
f=0.6Hz; and for the figure eight mode the peak thrust of 7.5Newtons occurs at 00=450,
hdc=2.7, and f-0.2Hz. Finally, the rationale of using such an apparatus, arguments, and test
results are discussed in conclusion.

Acknowledgements
May 15t , 1998
This thesis was prepared at The Charles Stark Draper Laboratory, Inc., under Internal
Research and Development Funding directed by Dr. Jamie Anderson.
Publication of this thesis does not constitute approval by Draper or the sponsoring agency
of the findings or conclusions contained herein. It is published for the exchange and
stimulation of ideas.
Permission is hereby granted by to the Massachusetts Institute of Technology to
reproduce any or all of this thesis.
J. Paul Marquardt
First, I would like to thank Draper Laboratory's Dr. Jamie Anderson and Professor
Michael S. Triantafyllou for the opportunity to study such an exciting project. Although
completing the broad range of tasks in a thesis seemed daunting at times; the
encouragement to utilize the many available resources helped me to succeed with well
guided determination.
Second, the enduring comedy of my fellow fellows broke me from the academic world to
a planet far, far, far away. I remember the likes of Jamie Cho's subdued ironic twist for
every situation, Alan DiPietro's tales of everyday life, John Hoctor's keen ability to
seem-less work, Mohan Gurunathan's blazing battles, 'Crazy Tom' Trapp, Ryan Norris's
guide to the good life at Draper, Jonah Peskin's philosophical philosophies, Chris
Gadda's programming puns, and Bill Kaliardos' refined skill of turning news articles into
comic strips. Though not fellows themselves at the time, I'd like to remember them as
such: Tim Prestero and Will McFarland.
Last, but certainly the most important, I'd like to thank my family and friends. The
emotional support was mqst needed and most appreciated. Mom and Dad for the calls
that never seemed to end soon enough. My brothers, without their constant badgering I
never would have been ready for this place. My sister Anne, her encouragement to have
fun and enjoy what you have, has made me a happier man. My friend Marion, whose
beautiful smile is my courage.

Table of Contents
Chapter ........................................ Page
1 INTRODUCTION ................................................................................................................................... 13
1.1 RESEARCH STIMULATION .................................................................................................................... 14
1.2 BACKGROUND AND DEFINITIONS ........................................................................................................ 14
1.3 APPLICATION TO UNDERSEA VEHICLES .................................................................... .................... 17
2 EQUIPMENT & TESTING APPARATUS ........................................................................................... 19
2.1 FACILITY .............................................................................................. ......................................... 19
2.2 HARDW ARE DESIGN ..................................................................................... ................................. 20
2.3 EXPERIMENTAL APPARATUS .............................................................................. ........................... 22
Foil ...................................................................................................... ............................................... 23
Force Sensor.......................................................................................... .......................................... 24
M echanical Device ................................................................................................................................ 27
M otors & Amplifiers..............................................................................................................................28
M otion Control......................................................................................................................................30
2.2 SOFTWARE .......................................................................................................................................... 31
Aerotech U500 Control Software ................................................... ............................................... 32
Custom C Program Architecture.............................................. ............................................... 35
3 EXPERIM ENTAL PRO CEDURE ..................................................... .............................................. 37
3.1 FORCE SENSOR CALIBRATION .............................................................................................................. 37
3.2 EXPERIM ENTAL PROCEDURE....................................................................... ................................... 40
4 EXPERIM ENTAL DATA................................................................................................................... 43
4.1 PRE-PROCESSED (RAW) DATA ........................................................................... ............................. 43
4.2 M ATLAB PROCESSING OF DATA.................. .................................... ............................................... 43
5 RESULTS AND DISCUSSION ............................................................................................................... 49
5.1 COMPARISON TO FREYMUTH ........................................................................ .................................. 49
5.2 THREE DIMENSIONAL PLOTTING OF THRUST COEFFICIENT VS. FREQUENCY AND HEAVE AMPLITUDE 55
WATER TREADING M ODE........................................................ .................................................. 56
FIGURE EIGHT M ODE ............................................................................................................... 60
5.3 POWER REQUIRED FOR PEAK THRUST COEFFICIENTS .......................................... ........ 64
5.4 CONSIDERATION OF STROUHAL NUMBER.............................................. ......................................... 65
6 EXPERIM ENTAL ERROR ................................................................................ .............................. 66
7 CONCLUSIONS ....................................................................................................................................... 68
SUMMARY ................................................................................................. .. . .... . .... . .... . .... . .... . ... 69
RECOMMENDATIONS FOR FURTHER RESEARCH .......................................................................................... 68
APPENDIX A - CUSTOM C PROGRAM ARCHITECTURE: RECORD.EXE ............................... 70
APPENDIX B - UNIDEX 500 MOTION CONTROL PROGRAM: HOVERACTUATOR.PRG ....... 75
APPENDIX C - BB 500 PINOUTS.......................................................................... ............................. 77
APPENDIX D - MATLAB PROCESSING CODE 'PRO.M' .................................................................. 78
APPENDIX E - MATLAB POST-PROCESSING PROGRAM: 'DEGPLT.M' .................................... 82
APPENDIX F - DATA............................................................................................................................. 83
PREPROCESSED WATER TREADING MODE DATA .......................................................... 83
PREPROCESSED FIGURE EIGHT MODE DATA .............................................................................................. 85
REFERENCES ............................................................................................................................................ 88
8
List of Equations
Equation Page
EQUATION 1 - STROUHAL NUMBER................................... 15
EQUATION 2 - HOVERING KINEMATICS EQUATIONS ...................................... ............. 16
EQUATION 3 - MAXIMUM LINEAR AXIS FORCE...................................... .................. 20
EQUATION 4 - MAXIMUM VELOCITY AND ACCELERATION......................... ............... 28
EQUATION 5 - FORCE SENSOR CALIBRATION EQNS. .......................................... ............ 40
EQUATION 6 - GLOBAL REFERENCE PLANE FORCE EQUATIONS ....................................... 45
EQUATION 7 - THRUST COEFFICIENT & TIME AVERAGED VELOCITY .................................... 57
LIST OF FIGURES
FIGURE ..................................................................................................... PAGE
FIGURE 1 - HOVERING MODES................................................................................................. 13
FIGURE 2 - EXPERIMENTAL APPARATUS .................................................................. ... 22
FIGURE 3 - FOIL & MOLD ................................................... 23
FIGURE 4 - JR3 FILTER CHARACTERISTICS ..................................... ....... ................... 26
FIGURE 5 - MECHANICAL DEVICE ........................................................................................... 27
FIGURE 6 - ACTUATOR CONTROL STATION ........................................... .................... 30
FIGURE 7 - U500 PROGRAM LEVELS ....................................................................................... 32
FIGURE 8 - UNIDEX 500 SERVO LOOP ..................................................................................... 34
FIGURE 9 - JR3 FORCE CALIBRATION SETUP ........................................... .................. 38
FIGURE 10 - JR3 MOMENT CALIBRATION SETUP .......................................... ............... 39
FIGURE 11 - MATLAB PROGRAM 'PRO.M' DATA OUTPUT................................... ............ 44
FIGURE 12 - FORCE ORIENTATION DIAGRAM............................... ........ ..................... 45
FIGURE 13 - PRO.M: TIME AVERAGED FORCE & MOMENT COEFFICIENTS........................... 47
FIGURE 14 - PRO.M: TIME AVERAGED FORCE & MOMENT COEFFICIENTS........................... 47
FIGURE 15 - CT VS HA/C (0 o - 300) ............................................................................................... 50
FIGURE 16'- CT VS HA/C (00 - 450) ........................................ 51
FIGURE 17 - CT VS HA/C (00 - 600) ............................................................................................... 52
FIGURE 18 - CT VS HA/C (00 ~- 150 ) ......................................................................................... 52
FIGURE 19 - CT VS HA/C ( - 30 ) ............................................................................................... 53
FIGURE 20 - CT VS HA/C (00 - 450) ........................................ 54
FIGURE 21 - CT VS HA/C (00 - 600 ) ......................................................................................... 54
FIGURE 22 - TREADING MODE THRUST COEFFICIENT @ 15 DEGREES PITCH AMPLITUDE............ 56
10
FIGURE 23 - TREADING MODE THRUST COEFFICIENT @ 30 DEGREES PITCH AMPLITUDE............ 58
FIGURE 24 - TREADING MODE THRUST COEFFICIENT @ 45 DEGREES PITCH AMPLITUDE............ 58
FIGURE 25 - TREADING MODE THRUST COEFFICIENT @ 60 DEGREES PITCH AMPLITUDE......... 59
FIGURE 26-FIGURE EIGHT MODE THRUST COEFFICIENT @ 15 DEGREES PITCH AMPLITUDE ....... 61
FIGURE 27-FIGURE EIGHT MODE THRUST COEFFICIENT @ 30 DEGREES PITCH AMPLITUDE ....... 62
FIGURE 28-FIGURE EIGHT MODE THRUST COEFFICIENT @ 45 DEGREES PITCH AMPLITUDE ....... 63
FIGURE 29-FIGURE EIGHT MODE THRUST COEFFICIENT @ 60 DEGREES PITCH AMPLITUDE ....... 64
List of Tables
Table Page
TABLE 1 - HOVER EXPERIMENT PARAMETERS ........................................ .... ................ 17
TABLE 2 - JR3 SPECIFICATIONS..................................................................................................... 25
TABLE 3 - DC SERVO MOTOR SPECIFICATIONS ......................................... .............. 29
TABLE 4 - KEY U500 SOFTWARE CONFIGURATION PARAMETERS ............................................... 33
TABLE 5 - JR3 CALIBRATION DATA ....................................................................................... 40
1 INTRODUCTION
This thesis describes the motivation, implementation, testing, and results of modeling
a hover actuator for the purpose of station keeping. Motivation of the project derives from
the need to safely maintain position of undersea vehicles; although, the results can also be
applied to aerial vehicles. The ability to maintain position using appendages relies on
practical implementation of flapping foil theory. To test the feasibility of such system, a
linear slide creates foil heave and a rotational drive creates foil attack angle. Combining
these two axis into synchronous motions, we are capable of mimicking "water treading",
mode (a), and "figure eight", mode (b), hover modes commonly used by animals that utilize
hovering (see figure - Hovering Modes, below).
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Figure 1 - Hovering Modes
The primary investigation analyzes each mode's kinematics parameters vs. the
generation of lift. Highly effective ranges of motion are then the subject to more specific
discussion. Finally, the results accumulate into a system performance and lifting estimate
for the hover actuator system.
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1.1 Research Stimulation
The constantly changing international threats and the vast range of national interest is
driving the U.S. Armed Forces into untraditional roles. From the protection of humanitarian
rights in Somalia and Bosnia to the international defense of sovereign nations such as
Kuwait, the U.S. must maintain the ability to strategically overcome the new threats and
enforce the national interest in the post cold war era. Dealing with much more isolated and
complicated roles, our forces must accommodate. Particular to the Navy, a system of
concealed close shore support is needed. However, the mission is very difficult due to first
and second order wave effects of operating undersea vehicles in shallow water and heavy sea
state.
To prevent unintentional detection, grounding, or severe ship motion a hover system
must be developed for undersea vehicles in dynamic environments. Otherwise, incidents
such as the North Korean submersible which ran aground on South Korean shores will result.
A proposed solution to underwater vehicle control implements the use of flapping foils.
Reasons for such an unconventional system include immediate creation of lift and additional
vehicle control while underway.
1.2 Background and Definitions
The performance of hover actuators relies heavily on the hydrodynamic mechanism
of vortex shedding. Researchers such as C. P. Ellingtonl, Lighthill2 , and Norberg3 began
scientific studies of sustained hovering of insects and small birds in the seventies. Ellington
observed that "delayed stall permits ... enhanced circulations...." (p. 7-2).
More recently, in an article by P. Freymuth,4 dynamic stall vortices were found to
create the large lift coefficients of a foil undergoing harmonic heaving and pitching motions.
In this literature, he explains that because of the large pitch amplitudes and strongly unsteady
wing loading, the leading edge seperation is the most important to watch when observing the
flow around a hovering foil. Furthermore, Freymuth had already found that "the vortical
signature of this thrust is a Karman vortex street in reverse, i.e., a two dimensional jet."5
This research is also supported by the "Optimal Thrust Development in Oscillating Foils
With Application to Fish Propulsion" 6 by Triantafyllou, G.S. and M.S.; and Grosenbaugh.
This scientific literature explains the association of heave frequency with the well known
Von Karmen and Burgers7 formation of vortices. The research shows the relationship of
'the jet profile behind flapping foils, when analyzed... is found to be convectively unstable,
acting as a tuned amplifier with a very narrow range of frequencies...' (p. 209)4. Thus, the
ability to create high lift coefficients provides the evidence that the method might work well
as a hover actuator.
Most of these studies use slightly different methods of calculating the frequency,
amplitude, and thrust of the foil. Regimes of which are particular interest are Strouhal
number (see equation - Strouhal Number, below) equal to 0.3 (reported as being used by
marine animals and an efficient regime of thrust coefficient for the MIT Robotuna by
Triantafyllou), where:
f-AStrouhalNumber = St f
U
where.
f = frequency(Hz)
A = amplitude(width of the wake, double amplitude)
U = velocity(average forward velocity)
Equation 1 - Strouhal Number
and Freymuth's frequency of 0.84Hz (calculated Strouhal frequency of 0.16 for the thrust
coefficient of a hovering airfoil). Freymuth, on the other hand, decided to evaluate the
various hover motions using a derivative of flat plate theory. Starting with the thin, flat plate
airfoil of chord length, c, exposed to a stationary fluid. The flat plate executes a heaving, h,
motion in the horizontal direction. Simultaneously, the foil undergoes a pitching, 0, motion
about the foil's mid-chord, c/2. Therefore, the following kinematics equations will be used to
generate hovering motion (see Hovering Kinematics Equations):
h = A-cos(o -t)
0(t) = 0'+0. cos(cow t + q)
where:
co = 2rf,
h - heave position of foil,
A - heave amplitude,
f- frequency (Hz),
0 - pitch angle of foil,
0' - pitch angle offset,
0 - pitch angle amplitude,
0- phase angle.
Equation 2 - Hovering Kinematics Equations
The dimensionless parameters of this system include: 0' , 0 , , h/c, and a Reynolds
number that is based on the average heave speed of the foil Rf = 2 fA c/v. Due to the
complicated nature of the hovering motion, the definition of the pitch angle amplitude must
be clarified and not confused with the angle foil of attack. The pitch angle amplitude is the
range of foil motion completed within half a cycle of the foil motion. Because of the nature
of the sinusoidal pitch, the next amplitude is the negative of the first half cycle motion.
These deviations occur with respect to the center line of the linear motion for the treading
water mode and perpendicular to the center line for the figure eight mode.
Although Freymuth covered a broad range of values in his publications, many
frequencies were not included in his discussions. Hence, this research covers the following
parameter regimes (see following table: Hover Experiment Parameters):
heave amplitude (cm) 10, 15, 20, 25, 30
f frequency (Hz) 0.2, 0.4, 0.6, 0.8, 1.0
o' pitch angle offset 00 & 900
0o pitch angle amplitude 150, 300, 450, 600
phase angle 900, -900
Table 1 - Hover Experiment Parameters
Using such a wide range of parameters, we encompass a broad range of flapping motions.
This range was selected using the data collected by Ellington who found that many insects
use heave amplitude to chord ratios that, consistently, are from slightly less than one and up
to three. Therefore analysis must be broken down into segments that apply towards the goal
of finding beneficial thrust regimes.
First, we categorize the motion by its type of mode. Particular note must be taken to
the system equation variables that designate the mode of operation. The pitch angle offset
and the phase angle specify the two main modes. Mode (a), water treading mode, is the
simplest motion of the two; it is characterized by 0' = 0 and b = 90 . Mode (b),
'degenerate figure eight mode', is characterized by O' = 90 and q = -90 . Further
observation of the pitch equation reveals that by switching sign of 0, the thrust reverses
direction.
Second, the data is divided into groups correlating to the pitch angle amplitude.
Hence, we are able to compare the remaining parameters within similar environments.
Each environment being constant in mode (9' and q) and foil pitch angle, 0.
Lastly, using each stable parameter environment as a current reference, the thrust
can be analyzed in three dimensions over the grid of dimensionless heave/chord, h/c, ratio
and the frequency,f of the motion. The resulting thrust is then modeled as the final third,
and vertical, dimension of the plot. Systematically breaking down the parameters in such
a way thereby creates an easy visual analysis tool by which to examine the data.
1.3 Application to Undersea Vehicles
Control under wave disturbances presents primary operational concerns for any
underwater vehicles. For example, autonomous underwater vehicles (AUVs) "in many
envisioned mission scenarios ... will be required to maneuver close to the sea surface under
the influence of strong wave action." 8 AUVs in such scenarios would require quick and
decisive maneuvers to navigate through the wave disturbances and to complete the
programmed mission. In such a demanding environment, control relies heavily on the
responsiveness of the mechanical system. And the larger the underwater vehicles, the larger
the response forces must be. Thus, it is crucial to have adequate thrust to maintain position.
As attested by Naomi Kato and Tadahiko Inaba, "... thrusters and wings, are poor
hovering and turning ... over seabed terrain when compared to the abilities of the aquatic
animals living near seabed terrain." 9 The agility of most fish is well acknowledged as being
far superior evolution than the man-made thrusters and control surfaces.
In their experiments, Kato and Inaba successfully used a fish robot to swim forward,
backward, turn, and move laterally side to side. Bio-mimetic devices are gaining popularity
as examples of engineering solutions to everyday applications. Another practical example, is
the MIT penguin boat, studied by Jim Czarnowskil0O, which propels itself using two
oscillating foils much like a penguin uses its webbed feet to stroke through the icy waters of
the North pole.
Lastly, application of the fundamental laws of nature often lead to technical
challenges of resources and limits of existing technology. But, as proven by man's early
attempts to fly, one must approach the concept of bio-mimesis with scientific caution and a
broad willingness to truly understand nature's mechanisms before making such fatal leaps of
faith.
2 EQUIPMENT & TESTING APPARATUS
Testing with great accuracy and precision requires a platform with matching
specifications and tolerances. Therefore, the following described apparatus creates the
desired kinematics and precisely measures the necessary forces. Hardware and software are
considered separately as a means of distinguishing physical parameters of the system from
user interface of the software.
2.1 Facility
Experiments for the hover actuator are performed at the Charles Stark Draper
Laboratory in the Intelligent Unmanned Vehicle Center. A 500 gallon, 8' x 4' x 4',
polypropylene tank resides within the IUVC. This tank provides a suitable mount for the
apparatus and a convenient size to test foils that generate sizable forces. The 8' length also
enables a great deal of travel in which further experiments on simulated forward flapping can
be performed. The 4' width provides enough room to perform the testing without creating
significant boundary effects. The 4' depth is also beneficial in creating two dimensional
flow over most of the foil. A flat-black, vinyl tank liner eliminates unwanted reflections and
increases the visibility of flow visualizations. Also, the IUVC includes built in air pressure
fixtures convenient for supplying high pressure necessary for a flow visualization system.
The high pressure is regulated through a series of a 24V solenoid valve, high/low pressure
regulator valve, and a pressure gauge. Water within the tank is kept at room temperature
(-21.60 Celsius). Slight amounts of non-corrosive additives (Baquasil) are dissolved in the
water to prevent bacterial growth. The effect of these additives on the hydrodynamic flow
are assumed insignificant and are not accounted for in the experiments.
2.2 Hardware Design
Design for the hover actuator progresses bases from the predicted kinematics and
force estimates. To begin, the specific kinematics equations are found (see previous chapter
'Theory,' Equation 2 - Hovering Kinematics Equations). Next, the kinematics are scaled to the
size of available space in the tank. Using these dimensions, a foil size estimated at 65cm
wetted length by 10cm chord length is specified. Next, consideration of must be given to
sizing of the force gauge and motors.
Worst case scenarios are applied to the kinematics of the problem as a means of
providing a safety factor. In the linear axis worst case, assuming maximum lift coefficient
with maximum added mass, the following resultant force equation applies:
F.= JE+F,)2 +F 2
where
1
FD =CD -e(ACo) 2 = 106.6N~ 241bf
1
FL = CL jpe(A) 2 = 155.6N m 361bf
2
F, = m a = r 2 . A2 .= rp--.4r2 f 2A = 4651N 10bf
Equation 3 - Maximum Linear Axis Force
The coefficients of lift and drag are estimated using flat plate theory of a foil in steady
motion. The added mass value was taken from basic hydrodynamics calculations for
estimating the moment force applied to a flat plate in a steady stream. The velocity of
amplitude multiplied by frequency is used b/c it represents the averaged speed at which the
foil must travel to complete the motion.
Thus substituting the approximate maximum velocity, acceleration, and foil angle of
attack we found the largest corresponding force of 601bf. The load was then used to calculate
the required peak torque and root-mean-square torque. Applying the load to the velocity
profile with maximum acceleration and velocity, we found a required continuous torque of
64oz-in. A similar approach was used when calculating the theta axis loading. The added
mass force and the lifting moment about the foil were added as a worst case scenario
(spinning & translating, see equation below). Calculated, these forces are 0.0187 oz-in and
0.0431 oz-in respectively. Again, these values were used to calculate the maximum
continuous torque of the theta axis.
2.3 Experimental Apparatus
Heave Translation Motor
Force
Gauge
Foil
Figure 2 - Experimental Apparatus
Hardware for this project can be easily broken down by function and its
corresponding component:
1) direct water interaction with thefoil,
2) force sensing with a 6-degree of freedomforce sensor,
3) rotational movement using custom built hardware,
4) linear movement using an industrial linear slide,
5) axis drive using brushed DC servo motors,
6) scaled voltage provided by motor amplifiers,
7) AC power converted to DC power using power supplies,
8) input/output from line driver encoders/motion-control breakout
board,
9) motion calculated via internal ISA-AT and forces recorded using
sensor's DSP card within 200Mhz Pentium Pro computer running
Microsoft Window's 95.
Foil
Fbil section
Mold
-Dye iniWe ctimtbes
Sappotrod
Figure 3 - Foil & Mold
This experiment focuses around the creation of vortices to provide optimal lift. In
order to study both water treading and figure eight modes with the same apparatus, the
required kinematics include leading edge first as well as trailing edge first maneuvers.
Therefore, a symmetric foil cross section (both in camber and in length) is used. A NACA
0012 shape forms the leading edge up to the maximum camber. This leading edge is then
followed by tangent lines to the trailing edge which ends, symmetrically, with the same
NACA 0012 shape (cross section shown in Figure 1 - Hovering Modes, p. 13).
The two dimensional cross section extends spanwise 60cm to form the three
dimensional main section of the foil. At 60cm, the foil leading edge (which is approximately
one quarter the chord long) is rotated about its tangent point to the maximum chord to form a
contoured edge. Edge effects will therefore produce flow between the upper and lower
sections; due to the somewhat long foil span (span/chord = 6.5) however, these effects are
considered minimal to the function of the foil. Although the foil would represent a better
two dimensional cross sectional flow with end plates, the unbound ends provide a much
more realistic approach for hover actuators on an actual vehicle. Also, hydrodynamic force
interactions with the flat plate, due to drag and especially moment forces, might introduce
unnecessary error into the experimental apparatus.
Bi-directional carbon fiber sheets were vacuum formed into a NC machined mold to
form the outer halves of the foil. A " support rod and six dye injection tubes were inserted
into the halves. The remaining void was then impregnated with uni-directional carbon fiber
and epoxy resin to form a solid, extremely rigid paddle shaped foil.
Finally, the foil is specially equipped with drilled dye injection ports. These micro
ports emit dye from 1/8th inch aluminum tubes following the length of the foil. The leading
edge, trailing edge, and points of maximum camber all contain these tubes. Florescent dye is
then forced through micro holes along the mid-length of the foil. Pressure of the dye system
is turned on and off using a solenoid valve coupled with a low pressure valve.
Force Sensor
Data accuracy relies on mechanism precision. Therefore, precise data measurements
must have an equally sensitive device. In this experiment, the JR3 six axis force and torque
transducer resolves forces and moments with great accuracy, see Table 1 below:
Capacities, Resolutions, Stiffness' and Permissible Single Axis Overloads
fx,fy fz mx,my mz
100 200 lbs 400 400 in-lbs
400 800 N 40 40 N-m
0.02 0.1 lbs 0.1 0.1 in-lbs
130 1350 klbs.in 1950 650 in-
lbs/rad
590 2000 lbs 1700 1500 in-lbs
Table 2 - JR3 Specifications
These resolutions can be processed at a data rate of up to 8 kHz. However, because
of the limited ability of the motion control hardware to receive position update commands,
data is recorded at a rate of only 20Hz. Future experiments could entail using the internal
clock as a time stamp and later matching the force measurements with the motion for a
slightly better resolution of data. This method would suffer from similar problems of
synchronicity between the motion controller and the force sensor data. As it stands, the
current method of gathering position, forces, and time simultaneously works well and
provides a very smooth sample of data (see Appendix A - Custom C Program Architecture:
RECORD.EXE, p.70).
Noise is often a concern with gauges that measure the effective current or voltage.
These currents and voltages are often low and will degrade when carried by wire for any
sizeable distance. The configuration of the hover actuator apparatus is no exception. The
data line must pass by various electronics, motors, and worst of all a 208V-15Amp power
supply (for the linear drive motor). Fortunately, the JR3 sensor is well designed for such
situations. Each signal is processed internally before being sent to the ISA board mounted
within the computer. However, some noise still permeates the system and alters the fragile
data signals. This challenge of force measurement requires filtering the impurities out of the
registered signal. Fortunately, the JR3 Digital Signal Processor contains pre-fabricated
processors for ease of data recovery. The filter used in this experiment has the following
characteristics (see figure below, Figure 4 - JR3 Filter Characteristics, p.26):
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Fig 3: Filter Characteristics for Filter3 with
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Figure 4 - JR3 Filter Characteristics
Although the time delay of the filter may appear large, this delay represents the time
delay of the filter and not a time delay of the recording software. In addition, the time delay
of this filter eases discontinuities of measurements caused by externalities that might result
in erroneous data over time.
The software package for the JR3 relies on C programming language calls made to
the inport/outport bus of the computer. These calls then access the data directly from
registers on the DSP board. Please reference the software appendix and the 'Custom C
Program Architecture' for more information regarding specific calls and procedures of the
software.
Mechanical Device
The mechanical device in the apparatus includes a custom rotational drive mounted
on a production linear belt drive. To maintain the foil angle of attack, an 11 Watt Maxon
motor coupled to a 100:1 gear ratio was fitted onto a custom built frame as shown in the
following figure:
Figure 5 - Mechanical Device
Here we see the machined aluminum bracket (dark gray) attached to the linear drive
(light gray). This bracket contains two press fit bearings which hold the support shaft to the
force sensor and foil. The bracket is also comprised of the motor mounting plate which is
interchangeable to match various types of motor faces.
The linear drive is a RACO International LM4 linear actuator with standard carriage,
load attachment plate, DDS drive option, and proximity sensors. A very robust system, the
RACO belt drive system included a planetary gearbox with a 30:1 reduction ratio to match
the inertia of the total carriage mass. The 30:1 gearbox is then shafted to the belt drive
pulley which has 259.9mm stroke / pulley revolution. Therefore, one revolution of the motor
moves the axis 8.667mm (ie: 8.667x10- 3 mm/ machine step).
Motors & Amplifiers
The motors for the system were individually specified to match the give maximum
velocity and corresponding inertia for the system with the max velocity and torque constant
of the motor. Therefore, each motor must fulfill very different requirements for their
respective axis.
First we derive the maximum velocity and acceleration equations from the equations
of motion :
h = A cos(o -t)
h = -A -sin( -t)w = 0
92h
2 - = -A -cos( _- t)c 2 = 0
O(t) = 0'+0 .-cos( -t + #)
O(t) = - 0 .sin(w -t + ) = 0
0(t) = -0-cos(C o t + b)C 2 = 0
where:
o = 2;rf, h - heave position of foil, h - heave velocity,
h - heave acceleration A - heave amplitude, / -
frequency (Hz), 0 - pitch angle of foil, 0 -pitch angle
velocity, -pitch angle acceleration, 0' - pitch angle
offset, 0o- pitch angle amplitude, b - phase angle.
Equation 4 - Maximum Velocity and Acceleration
These equations were then solved and the intuitively obvious maximum velocities and
accelerations were solved for. Velocities were then transferred to rev/s of the motors
assuming a 20:1 gearbox (iterations later solve to a 25:1 gearbox when matching inertia) for
the linear drive and a 100:1 gearbox for the smaller drive. For the linear motor, the velocity
required is 13.37rev/s or 802.2RPM. The small linear motor however, requires a velocity of
2,000RPM.
Finally, the torque for the large motor is considered using the maximum thrust
calculated earlier (see Equation 3 - Maximum Linear Axis Force). Using the estimated peak 60in-
lb. a motor torque, TT, of 960oz-in. is required. The resulting motor selections were made by
matching the following specifications (see Table 3 - DC Servo Motor Specifications below):
KT (mNm/A)
Continuous Torque (mN-m)
Peak Torque (mN-m)
Armature Inductance (mH)
Recommended Bus Voltage
(Volts)
AEROTECH 1210
250 (35 oz-in/A)
1,480 (210 oz-in)
7,100 (1,000 oz-in)
4.9
80
Maxon 11W-912
50.4
18.75
74.9
4.84
48
Table 3 - DC Servo Motor Specifications
Motion Control
Figure 6 - Actuator Control Station
The motion controller used in this experiment is the AeroTech Incorporated Unidex
500 ISA-AT. It can control up to four axis simultaneously using buffered G-code commands
and can also process contoured motions given a continuous stream of target positions. These
processed motions are then broken down into voltage commands sent to a breakout-block,
BB-500. The BB-500 allows for easy access to amplifier signals, encoder signals, limits,
inputs and outputs. These input/output channels are detailed in the BB-500 appendix (see
Appendix C - BB 500, p.77). amplifier which then translates the command into appropriate
current for the motor (in addition to providing regulated voltage to the motor). Each Copley
I
Controls Corporation DC Brush Servo Amplifier model 412 is configured using the torque
mode. Also, the armature inductance of each amplifier was set using a 150kn resistor. The
model 412 can handle 24-90VDC, 10Amps continuous current, and 20Amps peak current. The
power for each axis amplifier was provided by two separate power supplies. The smaller
rotational axis required draws a low current (-.3Amps) but at a fairly large voltage for its
size, 48VDC. A Lambda LQ-524 is used and can provide 0-120V with a max current rating
of 0.5Amps. The much more powerful AeroTech 1210 motor and amplifier however require
80VDC with a peak current reaching 15Amps. This large power requirement is supplied using
a Sorensen DCR150-15A. In fact, the voltage and power requirements are so large a three
phase 220VAC wall outlet was installed specifically for the testing apparatus.
A major concern while using the apparatus is safety. While 3 amps are enough to
fatally electrocute an individual, 15 amps clearly present a force not to be tested. Saftey
measures are taken within the amplifier circuitry to isolate current specifically to the
terminal voltages grounded through it. However, caution must be exercised to stay clear of
the output terminals. In addition, the large power supply emits strong electro-magnetic
frequencies strong enough to alter the polarity and pixel distribution of nearby computer
monitors. Therefore, it is suggested magnetic devices be kept at a safe distance (such as
computer hard drive disks and floppy diskettes).
2.2 Software
The Unidex 500 Motion Controller can be accessed from a numerous programming
levels. Simple motion commands can be processed using C-code that the Unidex Processor
computes directly. Advanced motions are contoured at the board level execution level. The
hierarchy from high level firmware and C programming to the board level commands is as
follows (see Figure 7 - U500 Program Levels, p.32).
IBM PC or Compatible Computer
Host Processor with the PC
nterpreter Level Execution Program Execution
Ubrary Level Execution
UNIDEX 500 Processor
Board Level Execution
Figure 8-1. Execution Levels of the UNIDEX 500 System
Figure 7 - U500 Program Levels
Aerotech U500 Control Software
Appendix B - Unidex 500 Motion Control Program: HoverActuator.PRG, p.75
The Aerotech U500 control firmware occupies the 'interpreter level execution' level
of programming. These executables include the Toolkit and Man Machine Interface (MMI).
Each Windows based executable contains easy access to the numerous key parameters that
must be set according to the system requirements. Enabling the hardware to compute
multiple axis motions requires two contour planes be defined. Each of these planes must be
configured correctly for the respective axis (X Axis in contour plane 1 - 'linear' or heave
motion & Y Axis in contour plane 2 - 'rotational' or pitch motion). For this experimental
apparatus the following key parameter values are set as follows (see Table 4 - Key U500
Software Configuration Parameters, p.33):
Parameter Group
1.Advanced Motion
2.Position Tracking
3.Homing Limits
5.Motor Feedback
6.Servo Loops
7.Other
Parameter
Number
7
8
20, 38
29, 47
102
103
109
138, 238
139, 239
142,242
144, 244
125
126
127
128
129
225
226
227
228
229
111
Description
Axis 1 (linear) gantry, slave
Axis 2 (rotational) gantry, slave
Metric System (y/n) for planes
1&2
Metric mode decimal digits
Home direction is CCW (y/n)
Home switch normal open
Limit switch normal open
Primary/Position feedback channel
SecondaryNelocity feedback ch
Drive Type (0-DC Brush)
Encoder: feedback (steps/rev/(*4))
Axis 1 - Kpos (Proportional Gain)
Axis 1 - Ki (Integral Gain)
Axis 1 - Kp (Damping Gain)
Axis 1 - Vff
Axis 1 - Aff (advanced feed
forward)
Axis 2 - Kpos (Proportional Gain)
Axis 2 - Ki (Integral Gain)
Axis 2 - Kp (Damping Gain)
Axis 2 - Vff
Axis 2 - Aff (advanced feed
forward)
+ Move is CCW
Table 4 - Key U500 Software Configuration Parameters
Value(s)
none
none
yes
1
n
y
y
1,2
1,2
0,0
4000,2000
4
16000
350000
256
10000
3
60000
350000
256
0
n
Many of these parameters had to be calculated using hardware setup and data. The
most challenging of which is the servo loop parameters. The operation manual insists that
the velocity loop be iterated first and then tune the position loop. The actual servo loop is as
follows (see following diagram Figure 8 - Unidex 500 Servo Loop):
ACCELERATIONFEEDORWARD
VELOCIY
FEEFORWARD
256 Kp * 10
Posillon
P Piion E+ Velocity Torque
g* par +KOVELOCI rY LOOP+ o
4096 To ArqWW
Actual Actual
Poetion Velocity Ki 10 * FI 1
ofAxis ofAu
s sendso s
VYit Feedback from Primary (or Fconda eedba&c Device
POSmON LOOP Poeiton Feedback mfm Feedback Device
Figure 7-1. UNIDEK 500 Servo Loop
Figure 8 - Unidex 500 Servo Loop
An initial attempt to solve this problem using the Parametric Solutions analysis
package Pro/Motion proved to be unsuccessful in finding correct values. Hence, the
procedure of iterative determination of each parameter was performed first for the velocity
loop, for the position loop, and finally for the feedforward loop. The acceleration
feedforward loop was left at the default value as no feedforward was required.
The ability to create the desired kinematics functions did not exist before this
apparatus was designed. Even though the manufacture sales insisted it would handle multi-
axis contouring and the reference manual explicitly states the "U500 is capable of
performing ... programmable multitasking, velocity profiled motions, and linear interpolation
of 2,3, or 4 axes" 11.Thus, new control software device drivers and man-machine interface
(MMI) programs had to be rewritten.
After the problem of multitasking was solved, the work of producing code to mimic
the motion became a trivial solution. The solution is trivial because of the built in sinusoidal
position and velocity command 'AT'. This command allows a user to specify the amplitude,
frequency, and number of cycles for a sinusoid. Thus, for each experimental run, the MMI
firmware compiles the specified parameters in the HoverActuator.prg file into the
appropriately phased 'AT' commands on the Unidex 500's buffer. Next, the program
triggers the motions using a 'Start Plane' command allowing the stored contours to stream
from the buffers. At which time the Custom C Program, Record.exe is started in an MS-
DOS prompt window.
Custom C Program Architecture
Appendix A - Custom C Program Architecture: RECORD.EXE, p.70
The function of the custom C program "record.exe" is to provide position and force
measurements simultaneously (within the specified error of the system) and accurately keep
track of the data collection time. To do this, software had to be written in a language that
both the JR3 force sensor and Unidex 500 motion controller would recognize. The U500 is a
very flexible piece of hardware and has many options in which the position registers can be
called. The JR3, unfortunately, recognizes only the C programming language for this
particular type of random access to the registers on its Digital Signal Processor ISA board.
Thus, the complete data recording program was written using the Borland C/C++ 5.0
compiler.
The record.exe program first defines the required C language libraries for the motion
controller (U500.h), and the dos time function library (time.h). The next definitions include
initialize the DSP board for he JR3 force sensor. These definitions include the main board
address register along with the registers for calling on the specific filter and data scale. After
the typical declaration of variables, the main program begins by zeroing the full scale values
of the force sensor. Thus, it is mandatory that no forces or moments, including wave forces
on the foil, be applied when this subroutine is called.
Next, the user is prompted to press the return key to begin recording the data. Once
pressed, the program displays the current forces and moment on the dos window (running at
the same time as the MMI software). Multitasking two separate programs in Windows 95,
calling the same motion control board can lead to large problems of outport interrupt
problems. In such problematic instances, two separate programs call upon a register address
at the same time and a timeout error will occur. This error occurred on occasion when both
programs accessed the U500 as it was processing the motion data. Hence, a simple solution
entails waiting for the HoverActuator.prg to finish processing the data moves on the U500
processor before starting the record.exe program.
Finally, the data which is relayed back to the computer is written to a text file called
'test.dat'. This file contains the following information in order: Axis 1 (heave) position in
centimeters, Axis 2 (pitch) in degrees, JR3 force in Newtons applied in x direction with
respect to the foil, the force in Newtons applied in the y direction of the foil, the moment in
Newton-meters applied in the positive z axis, and the time in milliseconds since the initial
booting of the program. The data is logged every 5ms (or in other words 20Hz).
The record.exe program only scales the position data by the necessary machine steps
to programming units (centimeters and degrees) ratio along with the force sensor calibration
equations for each force axis. Otherwise, the data is considered to be raw and needs further
processing and manipulation to provide meaningful representation of the produced force and
its corresponding motion.
3 EXPERIMENTAL PROCEDURE
3.1 Force Sensor Calibration
The high resolution and precision of the force sensor is rendered useless unless
proper steps are taken to calibrate the device. The JR3 DSP-based force sensor receiver
passes data through a decoupling matrix (cascading low-pass filters, see Figure 4 - JR3 Filter
Characteristics, p.26) running on an Analog Devices ADSP-2105 signal processing chip. This
10 Mips DSP chip can deliver the decoupled and filtered data at rates of 8kHz per channel.
Thereby, any bottleneck of streaming force sensor data will not occur due to the JR3 or its
processor. The only remaining concern is the method and accuracy of the calibration.
Therefore, the following steps are taken to apply known forces to the JR3: First, a
point source is applied to each axis using the pulley system shown below (see Figure 9 - JR3
Force Calibration Setup, p.38):
Figure 9 - JR3 Force Calibration Setup
Second, the force sensor is tare to compensate the mass of the scale and rope. Next, weights,
of precisely known mass, are incrementally added and the resulting JR3 force measurements
are recorded. Finally, a second order polynomial curve is fit to the acquired data (using
MATLAB). This calibration process is then repeated for the next force axis.
In addition, the Z-axis moment must also be calibrated for full analysis of the thrust
generated by the foil. Thus, the above process is repeated using the pulley system and a
known moment arm (see Figure 10 - JR3 Moment Calibration Setup, p.39):
Figure 10 - JR3 Moment Calibration Setup
The following table shows the raw data for calibrating the force sensor:
Actual Force Measured X-axis Measured Y-axis Measured Z-axis
Applied (N) Force (N) Force (N) Moment (dNm)
2.2563 2 2.19 1.85
4.5126 4.24 4.54 3.9
6.7689 6.28 6.55 5.85
11.1834 10.58 11.12 10.31
13.4397 12.75 13.13 12.33
17.9523 16.63 17.18 16.66
22.4649 20.48 22.19 20.7
24.6231 22.61 24.3
29.1357 26 28.4 -
40.3191 36.5 37.5
65.3346 60.6 61.3
91.3311 85.7 86.2 -
____ __ __ ___ _ _ 
_ _ ___ _ _ __
Table 5 - JR3 Calibration Data
Amazingly, the filter was able to completely decouple the forces within the desired
experimental error of approximately 0.01Newtons per axis. Although occasional an
occasional force would be witnessed on the axis not being tested, the forces were constant
and most likely due to error in setup.
The raw calibration data was then second order curve fit for each axis. These curve
fits are then applied directly to the collected data before post processing in this publication.
The exact calibration equations used to process the data are as follows:
Fx = -0.0007fx2 + 1.1317fx -0.3855
F, = 0.0002f, 2 + 1.0544f, -0.3910
M r = 0.0009mz 2 + 1.0430m, + 0.4275
*where lower case represents raw data
and upper case represents the calibrated data
Equation 5 - Force Sensor Calibration Eqns.
The variation of the sensor data of the system is, for all practical purpose of these
experiments, non-existent. The linearity of the system, in fact, was validated after
calibration using forces nearing mechanical failure (magnitude of 501bf). The sensor was
zeroed, a large force applied and then removed; yet, the sensor returned to zero force.
Relentlessly, the sensor would measure correct force values to significant digit accuracy one
order of magnitude beyond the realm of the experiment.
3.2 Experimental Procedure
200 Hover actuator experiments (two modes with four separate angle of attack, each
with five amplitudes, each amplitude then has five frequencies) were conducted in the
following manner:
1. All hardware turned on and made operational (power supplies turned on to 48 and
80VDC for the respective rotational and linear drivers). Temperature of water recorded.
2. Both software programs MMI.exe and Record.exe booted on the control computer
3. The reset button in the MMI.exe software clicked initializing the Unidex 500 motion
control board using parameters specified in Table 4 - Key U500 Software Configuration
Parameters.
4. Foil centered to zero angle of attach using mechanical alignment of parallel surfaces on
the motor-mount-bracket and the uppersupport of the JR3.
5. The reset button in the MMI.exe software is again clicked, this time zeroing the
rotational axis.
6. Each axis is enabled (MMI.exe).
7. HoverActuaor.prg is loaded into the MMI firmware and the experiment's parameters
entered into the appropriate variable. HoverActuator.prg is saved and then reloaded into
MMI.exe.
8. Tank checked to make sure the motion path is clear and that the water is stationary.
9. Within a MS-DOS prompt the Record.exe program is booted and frequency entered and
return key depressed. Record.exe creates file 'test.dat' and begins logging data.
10. The MMI start button is clicked triggering the loading of the HoverActuator.prg
commands. Motion ensues shortly thereafter.
11. After motion is completed the escape key is pressed in the Record.exe window halting
the recording of data.
12. Test.dat's name is changed to the a six digit number plus the .dat suffix. The first two
digits of the new name correlate to ten times the heave amplitude, the third digit is ten
times the frequecy (0 used for 1.0Hz), the fourth digit is either a 0 or 9 (correlating to the
pitch angle offset divided by 10, this specifies the mode of hover), and the last two digits
are the pitch angle amplitude for the experiment.
13. Steps 7-12 are repeated for the remaining experiments.
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4 EXPERIMENTAL DATA
4.1 Pre-processed (raw) Data
The Record.exe program output file 'Test.dat' contains six columns of data. The first
two columns are the absolute heave position in centimeters and the foil angle of attack in
degrees. The next two columns record the force (in N) applied to the JR3 in the x direction
and y direction (note the JR3 is mounted with +x on the trailing or second edge and the +y
direction is in the on the bottom face of the foil, these signs are later reversed in the MatLab
'degplt.m' program). The fifth column contains the moment (in Nm) applied to the JR3 in
the z direction (which follows the right hand rule for coordinate systems). The final column
in the output file is the time at which each row was recorded from the initial booting of the
Record.exe program.
After each of the 200 experimental runs the name is changed to the six digit file
name using the following description. The first two digits of the new name correlate to ten
times the heave amplitude, the third digit is ten times the frequency (0 used for 1.0Hz), the
fourth digit is either a 0 or 9 (correlating to the pitch angle offset divided by 10, this specifies
the mode of hover), and the last two digits are the pitch angle amplitude for the experiment.
Finally, the suffix '.dat' is added to the six digit file name to designate its unprocessed form.
4.2 MatLab Processing ofData
When all of the desired data is collected and saved using the naming convention
described in the above 4.1 Pre-processed (raw) Data (p.4 3 ) section, the MatLab code (see
Appendix D - MatLab processing code 'PRO.M', p.78) is run. The first duty of this code is to
graphically plot and print the pre-processed data to make sure the data is not corrupted and to
provide the physical insight and enable quick 'sanity' calculations. Provided that the data
shows consistency and continuity, it is accepted and the processing begins. An example of
the raw data output follows:
x(cni &teta - (deg)
0 5 10 15
z
I
x
LL
(
N
-5
.In
0 5 10 15 20 25 %
300 5 10 15
t (sec)
Figure 11 - MatLab Program 'pro.m' Data Output
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I I I I I
j
positive direction of the linear slide and a positive Y direction oriented (perpendicular to the
X axis) with the direction of thrust (see Figure 12 -Force Orientation Diagram below).
Figure 12 - Force Orientation Diagram
The X and Y global axes are calculated using the following equations (Equation 6 -
Global Reference Plane Force Equations):
Fx = fx * cos(0) + fy * sin(9)
Fy = fx * sin(0) - fy * cos(q)
Equation 6 - Global Reference Plane Force Equations
From these forces the non-dimensional force and moment coefficients are calculated
for the X, Y, and Z axis respectively. Once all coefficients are calculated, the data is
truncated by user input. The user views the cycles and selects a time just before the first zero
From these forces the non-dimensional force and moment coefficients are calculated
for the X, Y, and Z axis respectively. Once all coefficients are calculated, the data is
truncated by user input. The user views the cycles and selects a time just before the first zero
crossing of the desired period. Pro.m then prompts the user for the number of cycles to use.
After receiving a number from the user the program checks that the number is feasible and
there is sufficient data to do the calculations. Finally, Pro.m calculates the time averaged
coefficients of force, moment, and power. The coefficients are plotted versus the time per
period (see following Figure 13 - Pro.m: Time Averaged Force & Moment Coefficients, p.47).
202045
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-5 II
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0 (deg)
-1 0 1 2 3 4 5 6
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Figure 13 - Pro.m: Time Averaged Force & Moment Coefficients
Water Treading Output Example
(for ha/c - 2, f - .2Hz, 0- 450, water treading mode { ' - 0° & 0 - 900}, with 5 cycles selected)
These coefficients are then stored along with the experiment's parameters in a
database file called hover.dat. The same method is also applied to the figure eight hovering
mode (see below):
204915
.... I I.I 
-0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
7O
-80
-90
-110
-0.
10
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0.5 1 1.5 2 2.5 3 3.5
-0.41 I I I I I I
-0.5 0 0.5 1 1.5 2 2.5 3 3.5
I
Figure 14 - Pro.m: Time Averaged Force & Moment Coefficients
Figure Eight Output Example
(for hJc: 2,f .4Hz, 9:- 150, figure eight mode ({0': 900 & : -900}, with 4 cycles selected)
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From hover.dat the files are broken up by their mode and pitch angle amplitude.
These text files are loaded into MatLab and another code 'degplt.m' (see Appendix E - MatLab
Post-processing Program: 'degplt.m', p.82) creates a three dimensional plot of the thrust
coefficient CT (see Chapter 5 , p.49 for discussion of theory used to calculate these
coefficients). Finally, one last MatLab code 'pwrplt.m' plots a three dimensional plot of the
input power of the system.
5 RESULTS AND DISCUSSION
Observing the raw data and time averaged force coefficient plots, we find that within
the hover actuator system each parameter correlates to another via lag, linear relation, and in
intuitive features. For starters, one obvious fact is that the angular motion lags the linear
movement 90 °out of phase (for both water treading and figure eight modes, see Figure 13 -
Pro.m: Time Averaged Force & Moment Coefficients, p.47 & Figure 14 - Pro.m: Time Averaged Force &
Moment Coefficients, p.47 respectively). However, with a more careful observation the phase
is positive in the water treading mode and negative in the figure eight mode. This parameter
is coupled with the pitch angle offset to initiate the movements such that the foil starts from
the correct initial pitch angle (00 for water treading mode and 90' for figure eight mode, see
Figure 1 - Hovering Modes, p. 13). Moment and Y force have twice the frequency of the
heaving motion as would be expected for foils that must go from no pitch angle to full pitch
angle and back within half a cycle. The moment however lags by tn/2 of motion phase. This
lag also makes sense if taking into account that the maximum moment should occur where
the foil has greatest pitch angle and coincidentally the maximum velocity.
5.1 Comparison to Freymuth
The kinematics parameters may be directly comparable, yet, we still need a method
of non-dimensionalzing the remaining parameters of the experiment. To do this, we turn to
Freymuth's analysis where the Reynolds number is defined with respect to the characteristic
velocity V - 27rf A such that Rf= 2nrfA-c/v This number on average varied from 0.125-
1.005 x 105 in our experiments. The effect of Reynolds number, has been shown to be a
secondary effect for the formation of leading edge vortices (dynamic stall) of a pitching
airfoil 12. Freymuth collected data with a Reynolds number around 1,700 (much smaller due
to the test being conducted in air rather than in water) and plotted his thrust coefficients vs.
non-dimensional heave amplitude (ha/c). Although there are discrepancies between the
conditions of Freymuth's experiments and the experiments presented in this thesis, the two
can still be compared to gain knowledge of the data's similarity. The following graphs plot
the data from the Freymuth experiments directly with the data from the experiments
conducted for this thesis (see graphs below).
Freymuth Comparison of Water Treading Mode:
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Figure 15 - C, vs hJe (00 - 300)
Figure 15 shows an initial 30% difference between the Freymuth and the
experimental data. This difference grows slightly through the mid range of ha/c and has a
sharp reduction at the last heave to chord ratio. After evaluating the position records, motion
control error was not a problem within the frequency regime of the Freymuth data [Freymuth
recorded data points nearly linearly scale in operation from .14Hz (at ha/c = 3) up to .419Hz
at (ha/c = 1)1.
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Figure 16 - CT vs hJe (0O - 450)
Comparing Figure 16 with Figure 15, we observe that the
Again we see a difference between the Freymuth data and the experimental data that
reduces at the greater heave to chord ratio. However, the difference has gotten smaller and
the final two data points are nearly identical. Since the higher heave to chord ratios seem to
have a better correlation, one begins to question the effects of using a time averaged jet wake
velocity (that Freymuth used) versus the direct force measurements of a force sensor (the
experimental data). For this experiment, it is practical to use the force sensor since we seek a
mechanical solution instead of the theoretical solution of finding the lift coefficient.
Figure 17 - CT vs h,/c (00 - 600)
In Figure 17, we again witness a large difference in the mid range of the heave to
chord ratio range with a maximum difference of 45% at ha/c = 1.5. The larger heave to
chord ratios however do not produce any less of a difference from the initial difference as
witnessed in the previous two angles.
Freymuth Comparison of Figure Eight Mode:
Figure 18 - CT vs ha/c (00 - 150)
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The figure eight mode at a pitch angle amplitude of 15 degrees exhibits a difference
of nearly four times the experimental coefficient. During this run the foil has a large angle
of attack relative to the linear motion and therefore the lower lift coefficient would appear to
be more realistic. However, the discrepancy might also be caused by the large difference in
Reynolds numbers of the two tests (i.e. - Freymuth's oscillating airfoil operated at a
Reynolds numbers = 1,700 whereas the hover actuator uses a Reynolds number on the order
of lxl05 ).
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Figure 19 - CT vs hJe (00 - 30o)
Although the difference between test remains large, the percentage change of each
from figure 18 to figure 19 is around 14% for nearly all of the data points. This fact however
looses does not hold as the foil pitch is increased even more to 45 degrees in Figure 20.
43.5
3
2.5 Freymuth
2 Experimental
1.5
1
0.5
1 1.5 2 2.5 3
ha/ec
Figure 20 - CT vs h3/c (0' ~ 450)
In Figure 20 we notice that the thrust coefficients in the large heave ratios increase
while the small heave ration's thrust coefficients decrease. Finally, the following figure
represents the largest pitch angle of 60 degrees of the water treading modes. Again, the large
heave ratios increase while the small heave ration's thrust coefficients decrease.
Figure 21 - C, vs h/c (0' ~ 60')
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5.2 Three Dimensional Plotting of Thrust Coefficient vs.
Frequency and Heave Amplitude
Finally, the actual data from all 200 experiments is plotted in a graph of non-
dimensional heave/chord, frequency (Hertz), and the thrust coefficient are made for each
pitch angle amplitude and mode. These resulting eight three dimensional plots follow with
the appropriate Freymuth data included for comparison (circle data points). Although the
three dimensional plots can be tricky to interpret, they provide a wealth of information
relating acoss the axis and provide a convenient way to look at multiple slices of a parameter
data while holding the other constant, i.e. - numerous 'waterfalls' of data that can be viewed
simultaneously.
First we will study the water treading mode and increase through the pitch
amplitudes from 15, 30, 45, to 60 degrees; and then, we examine the figure eight mode in
similar fashion.
WATER TREADING MODE
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Figure 22 - Treading Mode Thrust Coefficient @ 15 degrees pitch amplitude
This case has no comparable Freymuth data, but reveals an interesting trend where a
trough of low thrust coefficients forms as the frequency is increased for all ha/c amplitudes.
This trough is slight, but note that the maximum thrust coefficients occur at the lowest
frequencies for each amplitude. This makes sense because of our definition of thrust
coefficient:
CT = TC2)-(p / 2)Vt2 C-I
where.
v,2 = 0.5(2ha ) 2
T= F,
Equation 7 - Thrust Coefficient & Time Averaged Velocity
Since the thrust coefficient is inversely related to the time averaged velocity and the time
averaged velocity is directly related to the square of the frequency, the thrust coefficient is
inversely related to the square of the frequency (i.e.- CT, OC 2 )
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Figure 23 - Treading Mode Thrust Coefficient @ 30 degrees pitch amplitude
The thirty degree pitch angle amplitude graph case (Figure 23) demonstrates a well
defined, smooth ridge like contour showing an effective regime of thrust nearly along the
line of frequency vs. ha/c that Freymuth selected for his experiments. Again, the Freymuth
CT is greater than the measured CT of my experiments.
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Figure 24 - Treading Mode Thrust Coefficient @ 45 degrees pitch amplitude
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The 45 degree pitch amplitude case, again, displays a 3D ridge coefficient of thrust
near the same CT amplitude observed by Freymuth. Another interesting feature of this graph
is the peak thrust coefficient around ha/c=1.5, andf=0.4Hz.
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Figure 25 - Treading Mode Thrust Coefficient @ 60 degrees pitch amplitude
The 60degree pitch amplitude produced the greatest thrust coefficient of all the
experiments. The CT value is 3.1 at 0o=600, ha/c=1.5, and f0.4Hz for the treading water
mode. Although Freymuth's data shows a similar trend his data is yet again higher than the
data recorded in this experiment.
FIGURE EIGHT MODE
The figure eight mode is the second and last hover mode tested. In this mode,
leading and trailing edges do not switch places. Instead, the trailing edge appears to follow
the leading edge through the flapping motion. The thrust coefficients for these experiments
go negative at times due to exceptionally high frequencies and the foil pitched nearly flat
towards the heaving motion. These high drag runs generate large vortices off both leading
and trailing edges equally, and leave a drag producing Karman street behind. However, it
was observed that if these modes are used with a simulated forward velocity, the foil begins
to produce thrust instead of drag. Large scale features and even smaller vortices are easily
be seen interacting with the free surface.
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In the figure eight modes, Freymuth observed an increase in a CT up to halfha/c and
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Figure 27-Figure Eight Mode Thrust Coefficient @ 30 degrees pitch amplitude
In the figure eight modes, Freymuth observed, again, an increase in a CT up to half
ha/c and then a gradually decreasing CT with increasing ha/c. The same becomes harder to
observe in this graph as the higher thrust coefficients appear to plateau in the lower
frequencies. In the higher frequencies, however, we find the thrust becomes negative due to
the drag forces as the foil becomes a virtual 'bluff body' because it is dragged through the
water without enough angel of attack relative to its linear motion.
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As the pitch angle amplitude is increased to 45 degrees the plateau in the lower
frequencies starts to form the ridge witnessed in the water treading mode. In the higher
frequencies, however, we find the thrust still becomes negative due to the drag forces as the
foil angel of attack is too large relative to its linear velocity.
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Figure 29-Figure Eight Mode Thrust Coefficient @ 60 degrees pitch amplitude
The last figure eight mode (60 degree pitch amplitude) graph shows the peak
coefficient ridge becoming even more distinct than in the previous thrust coefficient graph.
5.3 Power Requiredfor Peak Thrust Coefficients
The peak thrust coefficients are 3.1 at 00=600, ha/c=1.5, andf=0.4Hz for the treading
water mode and 1.8 occurring at G0=300, ha/c=l, and f0.2Hz for the figure eight mode.
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These peak thrust coefficients require an input power of 2.59Nm/s and .059 Nm/s. These
values are calculated using the following input power equation (Equation 8 - Input Power).
Pin = inputpower = F.V + 91-
Equation 8 - Input Power
These high thrust coefficients had very low power requirements when compared to much of
the other measured coefficients. It would be suspect that these are in fact the regimes in
which beneficial vortex coupling occurs.
5.4 Consideration ofStrouhal Number
Ohmi et al states that "as the pitching frequency is increased, the patterns of the
vortex wake are dependent on the product of the reduced frequency and the amplitude rather
than on the frequency itself." This product shows not only the importance of velocity but
also the importance of the non-dimensional Strouhal frequency (see Equation 1 - Strouhal
Number, p. 15). For the experiments conducted for this thesis, no fluid velocities were
measured. Therefore an analysis utilizing the Strouhal as defined before is not possible.
However, if one uses the averaged heave velocity, data can be analyzed and compared.
Again, Freymuth offers a convenient reference of which to base these calculations of
Strouhal number.
6 EXPERIMENTAL ERROR
The error associated with these experiments can take the form of procedure error,
machine motion error, human error, and fluid analysis error. Procedural error occurs when
the procedure itself introduces error into the data. For these particular experimental
procedures I found a slight discrepancy in attaining the coefficients depending on the number
of cycles selected for analysis. An instance of this can be demonstrated by analyzing the
error when the 202045.dat file is used to calculate the thrust coefficient for 5 and 4 cycles.
Between these cycles we find an error of only 1%.
The procedural error is significantly less than the repeatability errors. For example,
15% repeatability errors have been measured in the high frequency experiments. These
higher frequencies produce data of marginal validity because of the large, quick motions
become somewhat saw toothed instead of sinusoidal (machine motion error).
The kinematics parameters of Freymuth's experiments do not always compare
exactly to the kinematics parameters used in this experiment. These discrepancies include:
1. Not exactly matching pitch angle amplitudes [Freymuth uses angles 13, 33, 42, & 66
compared to my 15, 30, 45, & 60 degree pitch angle amplitude] & 2. Completely different
fluids [Freymuth's planar airfoil had a .083 chord to span ratio whereas this experiment used
a .15 chord to span ratio]. These factors obviously required interpolation so that they could
be compared and contain the errors associated with linearly extrapolating between data.
Human error is a contribution to error from decisions of how many cycles to use to
the calculations of the thrust coefficient. After reviewing the data many times and doing
numerous checks of data validity, these errors have hopefully been kept to a minimal. Also,
the human error should also include the assumptions made on the physical parameters of the
test apparatus and physical setup. The physical fluid flow analysis error is a large part of the
human assumptions which lead to error.
Of these errors, the initially stationary flow is somewhat questionable when doing
many experiments repetitively after each another in the same tank. This repetition certainly
caused the fluid to circulate within the tank and requires a long time to stop moving. The
moving fluid may have re-circulated back into the oncoming stream of the foil and taken lift
off the foil by decreasing the apparent angle of the foil in the oncoming flow of the water
treading mode. In the figure eight mode the re-circulation might have assisted in providing
additional thrust by allowing the apparent fluid flow around the foil instead of get pushed
around the foil as in a bluff body. In some cases, reflected wake vortices may have
influenced the force measured on the foil. These reflected vortex interactions typically occur
for frequencies greater than 0.6Hz.
7 CONCLUSIONS
7.1 Recommendations for further research
Although thrust coefficient can be calculated from the collected data, future fluid
flow velocity measurements would provide a more accurate comparison to existing data.
Also, efficiencies could be calculated using the additional fluid flow data. Furthermore, a
correlation analysis could be done to relate Strouhal frequency with the relative efficiency of
the hover actuator within the domain explored. Attention should also be given to the region
of high thrust coefficient as fine tuning of the kinematics may improve the formation of
vortices and enhance performance.
The hover actuator has a very flexible design and is easily moved. Therefore, I
would also like to suggest that the experimental apparatus be taken to the MIT Tow Tank
facility to perform the same experiments using digital particle image velocimetry to measure
the flow field. This technique would be a helpful tool in the following: measuring the jet
velocity so that direct comparisons could be made to Freymuth; solving for the efficiency of
the different parameters and comparing this to the Strouhal number (in search of an efficient
opperating regime); and studying the leading edge vortex formation and dissipation.
Other recommendations for further study include changing the values behind the
non-dimensional parameters (such as having a smaller chord length and lower frequencies).
These tests would help to prove the validity of the comparisons made. Also, running even
more tests with the existing apparatus at lower frequencies would help to complete the data
set to match Freymuth and prevent interpolation errors.
7.2 Summary
In this thesis, I have proposed, designed, built, tested, and compared the thrust of a
hover actuator system. This data could be useful in designing foils that perform as large lift
generators. Such a futuristic propulsor is hopefully now a much more reasonable and
effective solution to having thrusters.
The correlation to Freymuth's data provide a good model for comparing data trends.
However, the comparison did not demonstrate a overwhelmingly similar set of data. The
different methods of finding the time averaged velocity most likely caused the discrepancies.
The maximum thrust coefficients found are: 3.1 at 00=600, ha/c=1.5, and f=0.4Hz for the
treading water mode and 1.8 occurring at 00=300, ha/c=l, and f=0.2Hz for the figure eight
mode. The required power for these moves is comparatively small when considered with the
power of other thrust coefficients nearby. Furthermore, qualitative and quantitative studies
of these particular regimes might find how to better optimize vortex interactions and jet
formation in the flow of a hovering foil. Finally, this thesis has produced the necessary
instrumentation, data, and analysis needed to do the preliminary design a hover actuator.
APPENDIX A - CUSTOM C PROGRAM
ARCHITECTURE: RECORD.EXE
The following is the software package written to record the position of the foil, forces
applied to the force sensor from the foil, and the time. The program is DOS based and
records data at 20Hz.
/* U500 position + JR3 force measurement + DosTime */
/* J. Paul Marquardt, 4/29/98 */
/* C. S. Draper Laboratory
/* Hover Actuator Project */
Reads U500 positions, ISA card, and DosTime;
data in the units programmed in sensor */
to the screen continuously until ESC key is
writes load
hit
#include <conio.h>
#include <stdio.h>
#include <dos.h>
#include<ctype.h>
#include<stdlib.h>
#include<math.h>
#include<time.h>
#include"u500.h"
#define esc 27
*/
#define fulls add 0x0080
*/
#define f0add 0x0090
data */
#define f3add Ox00A8
*/
/* escape key
/* start of full scale data
/* start of filter 0 (unfiltered)
/* start of filter 3 (31 Hz) data
#define f5add Ox00B8
*/
#define boardl 0x0314
*/
#define comm0 0x00E7
*/
#define vid_pause 30
screen */
/* start of filter 5 (2 Hz) data
/* address of isa board # 1
/* command word 0 location
/* delay to allow easier reading of
void main(void);
void delayl(void);
void zerooffs (void);
void handle keys (char ch);
int getdata (int baseadd, int addr);
void get full_scales(void);
int axload, i;
float units_load,Fx,Fy,Mz,freq;
char ch;
char myname[20];
int fullscale[6];
double pos, xpos, ypos;
long mytime, j, newtime;
int wait, debug=0;
char axis, qdata[80];
FILE * fp;
dostime t realtime,inittime;
void main(void)
ch = ' ';
zerooffs(); /*zero outpul
current loads*/
clrscr();
get full_scales();
printf("Program records (X,Y,Fx,Fy,Mz,time) to file:
test.dat\n");
printf("\n \n");
printf("\n Hit return to start recording data (ESC to
stop)...\n");
scanf( "%f", &freq);
fp=fopen("e:/data/test.dat", "w");
gotoxy(18,7); /*set up scr
identify data*/
printf("LOADING DATA IN UNITS PROGRAMMED IN SENSOR");
gotoxy(16,10);
printf("Fx Fy Mz");
_dos_gettime(&inittime);
newtime=0;
t at
een to
/*run until esc iswhile (ch != esc)
hit*/
/*get ready to writegotoxy(10,12);
data*/
axload = getdata(boardl, f5add+0); /*read X data from
filter5 & write*/
units load = full scale[0] * ((float)axload/16384);
/*convert to*/
printf ("%9.2f", units_load);
/*sensors units*/
Fx = ((-0.0007*pow(units load,2))+1.1252*units load);
axload = getdata(boardl, f5add+1); /*read Y data
filter5 & write*/
units load = full scale[l] * ((float)axload/16384);
/*convert to*/
printf ("%9.2f", units load);
/*sensors units*/
Fy = ((0.0002*pow(units load,2))+1.0479*units load);
from
axload = getdata(boardl, f3add+5); /*read mZ data from
filter5 & write*/
units load = full scale[5] * ((float)axload/16384);
/*convert to*/
printf ("%9.2f", unitsload);
/*sensors units*/
Mz = ((-0.0009*pow(units load,2))+1.0903*unitsload);
aercheckstatus( );
xpos = aer readposition( 8 );
time position of axis x
ypos = aer read_position( 9 );
time position of axis y
dosgettime(&realtime);
time from DOS
//gets real-
//gets real-
//gets real-time
mytime = ((realtime.second*100+realtime.hsecond) -
(100*inittime.second+inittime.hsecond));
fprintf(fp,"%9.4f %9.4f %9.4f %9.4f %9.4f
%ld\n", (xpos/3846.183432), (ypos/555.5555556),Fx, Fy,Mz,mytime);
while(newtime <= (mytime+.06))
{
dosgettime(&realtime);
newtime=((realtime.second*100+realtime.hsecond)-
(100*inittime.second+inittime.hsecond));
}
if (kbhit())
handle_keys (ch = getch());
key press*/
void delayl(void)
respond properly
{
reads and writes.*/
asm nop;
forces a NOP in */
}
*/
optimization to be
included
void zerooffs (void)
{
outport(boardl, comm0);
write to command word 0*/
delayl();
delayl();
bus*/
outport(boardl+2, 0x0800);
is $800*/
}
void handlekeys (char ch)
{
switch (ch)
{
case 'o' :
case 'O' : zerooffs();
/*respond to
/* Many ISA bus computers do not
*/
/* to repeated sequential I/O port
/* This inline assembler procedure
/* .exe file to allow correct operation
/* Some compilers will require
*/
/* turned off, for the NOP to be
*/
/*we want to
/*delay for
/*command to zero offsets
/*O (letter O) to zero readings*/
int getdata (int baseadd, int addr)
{
outport(baseadd, addr); /*write location to read*/
delayl();
delayl(); /*delay for bus*/
return (inport(baseadd+2)); /*read data at addr*/
}
void get full scales(void)
int i;
for (i = 0; i <= 5; i++)
full scale[i] = getdata(boardl, fulls add+i);
}
APPENDIX B - UNIDEX 500 MOTION
CONTROL PROGRAM:
HOVERACTUATOR.PRG
The following software code enables the AeroTech Unidex 500 motion controller to
perform synchronous sinusoidal heaving and pitching. The variables are placed at the top for
quick ease of configuring the ensuing motion. The variable statements are then immediately
followed by the header which contains their definitions. Also note that the header and any
extra text are processed on the U500 control board and therefore their length should be
reduced to maximize the processing efficiency of the control program.
V1 =300
V2=1
V3=90
V4=60
V5=-90
V6=3
V55=RAD(V5)
V7=(-(V3-V4))
V8=(250N2)
V9=(2*V4*sin(V55))
V1 1 =V1 *2
J. Paul Marquardt -- Hover Actuator Experiments Program
--- Controls Two Axis Hovering ---
h=Acos(wt)
T=T'+To cos(wt+P)
w=2Pi f
A(mm) = V1, f(Hz) = V2, T'(deg) = V3, To(deg)
cycles = V6
; April 28th, 1998
; NOTE: 4 PLANES MUST BE DEFINED, AN AXIS
PLANE 3
= V4, P(deg) = V5, # of
MUST BE DEFINED IN
PR ME AB UN UN/SE
PL 1 EN X
PL 2 EN Y
G1 YV7 F15
dwell 1000
WA ON
PL 1
HALT
dwell V8
AT 1,V2,V11 ,V6
PL 2
HALT
AT 2,V2,V9,V6
;;;SC ;; TRIGGER SCOPE WINDOW
PL 3
START 1,2 ; START AT COMMANDS
APPENDIX C - BB 500 PINOUTS
BB500 Terminal Pinout Wire(s) Connected to Terminal Description
P1 - 1 AreoTech 1210 Encoder #17 Encoder SIN +
P1 - 2 AreoTech Encoder #18 Encoder SIN -
P1 - 3 AreoTech 1210 Encoder #14 Encoder COS +
P1 - 4 AreoTech 1210 Encoder #15 Encoder COS -
Pl - 5 AreoTech 1210 Encoder #7 Encoder MRK +
Pl - 6 AreoTech 1210 Encoder #6 Encoder MRK -
P1 - 7 AreoTech 1210 Encoder #3 Encoder +5 V
P1 - 8 AreoTech 1210 Encoder #21 Encoder COM
P1 - 9 AreoTech 1210 Encoder #1 Encoder Shield
Pl - 10 Limit Switch CW Limit
Pl - 11 Limit Switch CCW Limit
P1 - 12 Home Limit Switch Home Limit
P1 - 18 Amplifier Aen J2-#11,12,13 Axis 1 (AT1210) Enable Aen
Pl - 19 Amplifier Aflt J2-#14 Axis 1 Fault Aflt
Pl - 21 Amplifier Curr.Cmd J2-#4 ICMDA (secondary I cmd)
P1 - 25 Amplifier Gnd J2-#2,5 Ground for amplifier
P2 - 1 Maxon Encoder A signal HEDL 5540 Encoder SIN +
P2 - 2 Maxon Encoder not-A signal HEDL 5540 Encoder SIN -
P2 - 3 Maxon Encoder B signal HEDL 5540 Encoder COS +
P2 - 4 Maxon Encoder not-B signal HEDL 5540 Encoder COS -
P2 - 7 Maxon Encoder Vcc (+5V) HEDL 5540 power
P2 - 8 Maxon Encoder Ground HEDL 5540 GND
P2 - 18 Amplifier Aen J2-#11,12,13 Axis 2 (Maxon) Enable Aen
P2 - 19 Amplifier Aflt J2-#14 Axis 2 Fault Aflt
P2 - 20 Amplifier Curr.Cmd J2-#4 ICMDB (primary I cmd)
P2 - 25 Amplifier Gnd J2-#2,5 Ground for amplifier
APPENDIX D - MATLAB PROCESSING CODE
'PRO.M'
%% script to process hover foil data JMA 5/4/98
%% corrected and edited JPM 5/5-7/98
zoom off;
orient portrait;
fid = input('Filename stem > ','s');
filnam = fopen([fid '.dat']);
h_d = eval([fid(1) fid(2)])/100; %% desired heave amp in meters
f= eval(fid(3))/10; %% freq in Hz
if (f = 0)
f = 1;
end;
T= 1/f;
pao = eval(fid(4)); %% pitch angle offset =0 if water tread, 9 if figure 8
th_d = eval([fid(5) fid(6)])*pi/180; %% desired theta amp in radians
if (pao = 0)
pha = 90;
else
pha = -90;
end;
TEMP = fscanf(filnam,'%f);
M = length(TEMP);
N = M/6;
x = zeros(N,1);
theta = zeros(N,1);
Fx = zeros(N,1);
Fy = zeros(N,1);
Mz = zeros(N,1);
t = zeros(N,1);
c =1;
for i = 1:6:M,
x(c) = TEMP(i)/100; %% m
theta(c) = TEMP(i+l)*pi/180; %% rad
Fx(c) = TEMP(i+2); %% N
Fy(c) = TEMP(i+3); %% N
Mz(c) = TEMP(i+4)/10; %% N-m
t(c) = TEMP(i+5)/100; %% sec
c = c+1;
end
mxh = max(x);
mxpaa = max(theta);
%% adjust bias on x
x_mean = (max(x) - min(x))/2;
x = x - x_mean;
subplot(31 1);plot(t,x* 100,t,theta* 1 80/pi,'--');grid;title({fid,'x (cm)
(deg)'},'fontsize', 16);
subplot(312);plot(t,Fx,t,Fy,'--');grid;ylabel('F_x, F_y-- (N)');
subplot(313);plot(t,Mz);grid;ylabel('M_z (N-m)');xlabel('t (sec)');
print;
pause;
%% adjust time scale to pull 2nd period
plot(t,x);grid;
'Input search start coord before zero upcrossing'
[tinp,xinp] = ginput(1);
ts = tinp(1); xs = xinp(1);
NC = input('Input integer number of cycles to analyze> ');
for I = 1:N,
if t(I) >= ts,
if x(I) >= 0,
Npluss = I; Nminus_s = I-1;
break;
end
end
end
%% get to near next zero upcrossing
safeN = Npluss + ceil(((NC-1)*T + T/2)/mean(diff(t)) + 5);
for J = safeN:N,
if x(J) >= 0,
Npluse = J; Nminuse = J-1;
break;
end
end
if safeN > N,
'Too many periods, not enough data!!!'
end
& theta
%% interpolate time value for zero crossing of x
sip = (x(Nplus_s)-x(Nminus_s))/(t(Nplus s)-t(Nminuss)); interc = x(Nplus s)-
slp*t(Npluss);
tzero = -interc/slp;
t = t -tzero;
%% truncate data to integer periods
x = x(Nminuss:Nplus_e);
theta = theta(Nminus_s:Npluse);
Fx = Fx(Nminus_s:Nplus_e);
Fy = Fy(Nminus :Nplus_e);
Mz = Mz(Nminuss:Npluse);
t = t(Nminus_s:Npluse);
%% convert forces to global coordinates X and Y
FX = Fx .* cos(theta) - Fy .* sin(theta);
FY = Fx .* sin(theta) + Fy .* cos(theta);
%% put into force and moment coefficients
ch= 0.1;
sp = 0.55;
mxh
V2 = 0.5*(pi*f*mxh)^2; %% mean square speed ala Freymuth
dynhead = 0.5 * 998 * ch * sp * V2;
CFX = FX/dynhead;
CFY = FY/dynhead;
CMz = Mz/(dynhead*ch);
Mzmean = mean(abs(Mz));
pwr = (abs(mean(FY)*(mxh*pi*f))+abs((Mzmean)*mxpaa*2*pi*f));
airpwr
(1 *(mxh/2/3*(2*pi*f).A2)*mxh/3*pi*f)+(.00452218*mxpaa/3*((2*pi*f) .2))*mxpaa/3*2*pi
*f;
totpwr = pwr-airpwr;
%% means echoed to screen for recording
'*** Mean force and moment coefficients ***'
mCFX=mean(CFX)
mCFY-mean(CFY)
mCMz=mean(CMz)
pwr
airpwr
totpwr
mCFX=mean(CFX);
mCFY=mean(CFY);
mCMz=mean(CMz);
subplot(41 1);plot(t/Tx/ch);grid;ylabel('x/c');title(fid,'fontsize', 18);
subplot(412);plot(t/Ttheta* I 80/pi);grid;ylabel('\theta (deg)');
subplot(413);plot(t/TCFXt/TCFY,'--');grid;ylabel('CF-x CF-Y--');
subplot(414);plot(t/TCMz);grid;xlabel({'t-{/-T}','mCF-xmCFymCM-zpwrairpwrtotpw
rNC=',",mCFX mCFY mCMz pwr airpwr totpwr NC});ylabel('CM-z')
print;
fdat = fopenChover.dat','a+');
fprintf(fdat,'Oo4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\t / 4.4f\
tOo4.4f \n',mxh/20,fpaomxpaa* I 80/piphamCFXmCFYmCMzpwrairpwrtotpwrNC);
APPENDIX E - MATLAB POST-PROCESSING
PROGRAM: 'DEGPLT.M'
fido = input('Enter angle of plot:');
h = a(:,1).* 100;
f= a(:,2);
ct = -1.*a(:,7)./((a(:,1))*10*2*pi.*(a(:,2)));
Rf = ((a(:,1))* 10*2*pi.*(a(:,2)))*0.1/0.000001005
[Hi,Fi] = meshgrid(1:.05:3,.2:.2:1);
[Hi,Fi,CTi] = griddata(h,f,ct,Hi,Fi);
surf(Hi,Fi,CTi);xlabel('\bfha/c');ylabel('\bf\it flrm (Hz)');zlabel('\bfC_T');title(['\bf C_T at
\theta \circ= ' num2str(fido) '\circ'],'Fontsize', 16);
%%text(.25,0,['Reynold"s Number at h/c of ', num2str(a(1,1).* 100),' = ', num2str(Rf)]);
view(-65,45);
pause;
clf;
mesh(Hi,Fi,CTi);xlabel('\bfha/c');ylabel('\bf\it f\rm (Hz)');zlabel('\bfC_T');title(['\bf C_T at
\theta \circ= ' num2str(fido) '\circ'],'Fontsize', 16);
view(-65,45);
shading interp;
hold;
plot3(h,f,ct,'.');
print;
pause;
elf;
waterfall(Hi,Fi,CTi);xlabel('\bfh_a/c');ylabel('\bf\it firm (Hz)');zlabel('\bfC_T');title(['\bf CT
at \theta_\circ= ' num2str(fido) '\circ'],'Fontsize', 16);
view(-65,45);
shading interp;
print;
APPENDIX F - DATA
Preprocessed Water Treading Mode Data
ha (m) f(Hz) 0' 0o * CT X CT X CT X pwr(Nm/s) airpwr pwr NC
0.01 0.2 0 15.003 90 -0.0165 -0.0493 -0.009 0.0133 0.0023 0.011 6
0.015 0.2 0 14.9994 90 0.0075 -0.0725 0.0196 0.039 0.005 0.034 6
0.02 0.2 0 15.0012 90 0.0016 -0.1089 0.0058 0.0996 0.0089 0.0907 5
0.025 0.2 0 14.9976 90 -0.005 -0.1371 0.0026 0.1925 0.0139 0.1787 3
0.03 0.2 0 15.0012 90 -0.0079 -0.1942 0.0106 0.3891 0.0199 0.3692 4
0.01 0.4 0 15.0012 90 0.0154 -0.0326 -0.0064 0.0388 0.0182 0.0206 6
0.015 0.4 0 14.9958 90 0.0042 -0.1009 0.0082 0.2164 0.0403 0.1762 6
0.0199 0.4 0 14.9922 90 0.0089 -0.1184 0.0097 0.4346 0.0705 0.3642 6
0.0239 0.4 0 14.9958 90 0.0151 -0.1625 0.0111 0.8345 0.1013 0.7332 5
0.0272 0.4 0 14.994 90 -0.0386 -0.2327 0.0005 1.5352 0.1313 1.4039 2
0.01 0.6 0 15.0048 90 0.0309 -0.0439 0.0114 0.1216 0.0614 0.0602 4
0.0146 0.6 0 15.0012 90 0.0068 -0.0704 0.0123 0.3465 0.1279 0.2186 4
0.018 0.6 0 14.9634 90 0.0227 -0.1692 0.0018 1.1212 0.1948 0.9265 4
0.021 0.6 0 15.0012 90 0.0069 -0.0923 0.0062 0.8457 0.2648 0.5809 4
0.0251 0.6 0 14.976 90 -0.0397 -0.1569 0.0024 1.9829 0.3756 1.6073 3
0.0099 0.8 0 14.9292 90 0.0344 -0.1475 -0.0037 0.581 0.142 0.4391 5
0.0134 0.8 0 14.9616 90 0.0114 -0.1186 0.0079 0.8117 0.2582 0.5534 4
0.0164 0.8 0 14.9958 90 0.0788 -0.1228 0.0005 1.2291 0.3848 0.8443 2
0.0191 0.8 0 14.9922 90 0.0117 -0.1608 0.0067 2.1278 0.5188 1.609 3
0.0214 0.8 0 14.9814 90 -0.0243 -0.1741 0.0064 2.8505 0.6479 2.2025 2
0.0093 1 0 14.9958 90 0.0409 -0.2031 -0.0348 1.0871 0.249 0.838 3
0.0125 1 0 14.9634 90 -0.0302 -0.1846 0.0023 1.6857 0.4383 1.2474 3
0.015 1 0 14.9688 90 -0.091 -0.27 -0.0134 3.4208 0.6292 2.7915 1
0.015 1 0 14.9688 90 -0.0214 -0.1755 -0.009 2.2497 0.6292 1.6205 3
0.0171 1 0 14.9688 90 -0.0799 -0.242 0.0058 3.9745 0.8141 3.1605 1
0.019 1 0 14.9508 90 -0.0753 -0.2339 0.0057 4.7172 1.0074 3.7098 1
0.01 0.2 0 29.9916 90 -0.0057 -0.0931 0.0118 0.0268 0.0025 0.0243 4
0.015 0.2 0 29.9988 90 -0.0033 -0.1744 -0.0025 0.0973 0.0052 0.0921 4
0.02 0.2 0 29.9952 90 0.0181 -0.3261 -0.0021 0.3047 0.0091 0.2956 4
0.025 0.2 0 29.9934 90 0.0096 -0.4552 0.0103 0.6469 0.0141 0.6328 2
0.03 0.2 0 29.9952 90 -0.0103 -0.6164 0.0094 1.2427 0.0201 1.2226 3
0.01 0.4 0 30.0042 90 0.0088 -0.2111 0.0028 0.2381 0.0198 0.2182 5
0.015 0.4 0 29.9988 90 0.009 -0.3984 0.0042 0.8836 0.0419 0.8417 5
0.0198 0.4 0 29.9988 90 0.0126 -0.542 -0.0021 1.9949 0.0714 1.9235 5
0.0238 0.4 0 29.9988 90 0.023 -0.4815 0.0112 2.5043 0.1017 2.4026 5
0.0269 0.4 0 29.9898 90 -0.0126 -0.4828 0.0018 3.1637 0.1294 3.0343 3
0.01 0.6 0 29.961 90 0.0342 -0.3624 -0.0036 0.8976 0.0669 0.8307 3
0.0144 0.6 0 29.9952 90 0.0053 -0.427 -0.0045 2.0014 0.1315 1.8699 5
0.0178 0.6 0 30.0024 90 -0.0013 -0.3196 -0.0031 2.2148 0.1963 2.0185 3
0.0208 0.6 0 29.9916 90 -0.0354 -0.3917 -0.009 3.5344 0.2641 3.2703 3
0.0249 0.6 0 29.9916 90 -0.0762 -0.5305 0.018 6.6941 0.376 6.318 1
0.0098 0.8 0 29.9988 90 -0.0065 -0.3857 0.0035 1.6592 0.1525 1.5067 4
0.0132
0.0163
0.0182
0.0201
0.0092
0.0123
0.0143
0.0159
0.0173
0.01
0.015
0.02
0.025
0.03
0.01
0.015
0.0198
0.0238
0.0268
0.01
0.0145
0.0191
0.0206
0.0234
0.0098
0.0132
0.0162
0.0182
0.0203
0.0092
0.0121
0.0142
0.016
0.0172
0.01
0.015
0.02
0.025
0.03
0.01
0.015
0.0198
0.0237
0.0268
0.01
0.0145
0.0187
0.0207
0.0255
0.0098
0.0132
0.0162
0.8
0.8
0.8
0.8
1
1
1
1
1
0.2
0.2
0.2
0.2
0.2
0.4
0.4
0.4
0.4
0.4
0.6
0.6
0.6
0.6
0.6
0.8
0.8
0.8
0.8
1
1
1
1
1
0.2
0.2
0.2
0.2
0.2
0.4
0.4
0.4
0.4
0.4
0.6
0.6
0.6
0.6
0.6
0.8
0.8
0.8
0 29.988 90 0.0382 -0.2888 0.0048
0 30.0006 90 0.0315 -0.2826 -0.0042
0 29.9952 90 -0.0693 -0.5641 -0.0237
0 29.9988 90 -0.0682 -0.5801 0.0131
0 29.988 90 -0.0703 -0.4327 -0.0003
0 29.9862 90 0.0288 -0.3197 -0.025
0 29.9016 90 -0.1378 -0.5199 -0.0134
0 30.0132 90 -0.1199 -0.5005 -0.0103
0 30.0114 90 -0.1306 -0.3674 0.0346
0 45.018 90 0.0148 -0.1787 0.0044
0 45.018 90 0.0179 -0.3893 -0.0083
0 45.018 90 0.0196 -0.5714 0.0013
0 45.0216 90 0.0314 -0.7199 -0.0021
0 45.0216 90 0.0085 -0.8003 0.0182
0 45.0144 90 0.0394 -0.4363 -0.0025
0 45.0234 90 0.0794 -0.8356 0.0009
0 45.0234 90 0.0679 -1.0789 0.0078
0 45.0234 90 0.0603 -0.9681 0.0069
0 45.0288 90 -0.0334 -0.8809 -0.0013
0 44.9424 90 0.0231 -0.6893 0.0008
0 44.9802 90 -0.0046 -0.8549 -0.0007
0 45 90 0.0148 -0.7775 0.0016
0 45.009 90 -0.0579 -0.8301 0.0046
0 44.9964 90 -0.0672 -0.7072 0.0105
0 45.009 90 0.0612 -0.6294 0.021
0 45.0126 90 0.0097 -0.665 0.0041
0 45.0108 90 0.0185 -0.5373 -0.0137
0 45.0144 90 -0.0819 -0.8364 0.0216
0 44.856 90 -0.0697 0.6208 0.2791
0 45.0036 90 0.2497 -0.7234 -0.0786
0 44.9838 90 -0.1122 -0.7635 -0.0298
0 44.7948 90 -0.1985 -0.7799 0.0016
0 44.946 90 -0.1955 -0.6697 0.0415
0 44.973 90 -0.1879 -0.6495 0.0489
0 59.9994 90 -0.0048 -0.3346 -0.0053
0 60.0012 90 0.1161 -0.5129 -0.0393
0 59.9886 90 0.0347 -0.7577 -0.0096
0 59.9868 90 0.0094 -0.6809 -0.0038
0 59.9976 90 -0.0061 -0.7236 -0.0046
0 59.9922 90 0.0628 -0.7405 0.0108
0 59.9886 90 0.105 -1.1519 -0.0392
0 59.9868 90 0.0034 -1.4282 0.0219
0 59.994 90 -0.049 -1.1548 0.0037
0 60.0012 90 -0.0377 -0.9597 -0.0064
0 59.949 90 0.0586 -1.1162 -0.0121
0 59.9436 90 0.0583 -1.292 0.0039
0 59.9976 90 0.0282 -1.0964 -0.0245
0 59.985 90 -0.0968 -1.022 0.0025
0 59.994 90 -0.0763 -0.8937 -0.0015
0 60.0084 90 0.0791 -1.0852 -0.015
0 60.003 90 0.0331 -1.1601 -0.0161
0 59.9994 90 0.0107 -0.8931 -0.0233
2.1193
2.984
6.8735
8.4599
2.5024
3.2116
6.4383
7.2868
6.7927
0.0583
0.2219
0.5402
1.0332
1.6337
0.5109
1.8604
3.9831
5.0739
5.7848
1.827
4.1177
6.1135
7.3914
8.0845
3.1751
5.0634
5.6783
10.619
10.448
4.7719
7.6552
9.6738
10.666
11.817
0.1016
0.2969
0.7154
0.9912
1.5043
0.8782
2.5934
5.3006
6.0513
6.3571
2.9292
6.2151
8.338
9.2675
12.046
5.2267
8.6194
9.6987
0.2623 1.8569
0.3902 2.5938
0.4868 6.3867
0.5858 7.8741
0.2697 2.2327
0.451 2.7605
0.5947 5.8435
0.7328 6.5541
0.8588 5.934
0.0028 0.0555
0.0056 0.2163
0.0094 0.5307
0.0144 1.0188
0.0205 1.6132
0.0226 0.4884
0.0446 1.8158
0.0744 3.9088
0.105 4.9689
0.132 5.6528
0.0761 1.7509
0.141 3.9767
0.2343 5.8793
0.2687 7.1227
0.3417 7.7427
0.1753 2.9998
0.2865 4.7769
0.4084 5.2698
0.5066 10.112
0.623 9.8245
0.3094 4.4626
0.4812 7.1739
0.6331 9.0406
0.7791 9.8869
0.8945 10.9224
0.0033 0.0983
0.0061 0.2909
0.0099 0.7055
0.0149 0.9763
0.0209 1.4834
0.0264 0.8519
0.0485 2.5449
0.078 5.2226
0.1082 5.9432
0.1352 6.2219
0.089 2.8401
0.1541 6.0611
0.2384 8.0996
0.2834 8.9841
0.4161 11.6294
0.2066 5.0201
0.3175 8.3019
0.4421 9.2566
0.8 0 59.8878 90 -0.0456 -0.8626 0.015 11.831
1 0 59.9796 90 -0.0491 -1.2138 -0.0104 8.0698
1 0 59.9634 90 0.0862 -1.0095 -0.0372 10.427
1 0 59.9634 90 -0.0707 -0.8179 0.0637 11.586
1 0 59.9652 90 -0.1057 -0.7649 0.0303 12.652
0.568 11.263 2
0.3722 7.6975 4
0.5561 9.8708 2
0.7333 10.8528 2
0.8396 11.8121 2
Preprocessed Figure Eight Mode Data
ha (m) f(Hz) 0' o00 CTX
0.01 0.2 9 -74.999 -90 0.0427
0.015 0.2 9 -75.006 -90 0.0379
0.02 0.2 9 -75.001 -90 0.0484
0.025 0.2 9 -75.002 -90 -0.009
0.03 0.2 9 -75.001 -90 -0.016
0.01 0.4 9 -75.001 -90 0.1139
0.015 0.4 9 -74.999 -90 0.1029
0.0198 0.4 9 -74.999 -90 -0.078
0.0238 0.4 9 -75.002 -90 0.1073
0.01 0.6 9 -75.006 -90 -0.151
0.0145 0.6 9 -75.006 -90 -0.182
0.0178 0.6 9 -75.004 -90 -0.042
0.0207 0.6 9 -75.001 -90 0.2121
0.0098 0.8 9 0.0036 -90 0.0036
0.0131 0.8 9 -74.997 -90 -0.484
0.0159 0.8 9 -74.999 -90 -0.566
0.0182 0.8 9 -75.001 -90 -0.385
0.0092 1 9 -75.001 -90 0.2244
0.0123 1 9 -75.002 -90 -0.089
0.0146 1 9 -75.001 -90 -0.125
0.0164 1 9 -74.999 -90 0.3335
0.01 0.2 9 -60.001 -90 -0.024
0.015 0.2 9 -59.996 -90 0.0201
0.02 0.2 9 -59.992 -90 0.0602
0.025 0.2 9 -59.99 -90 -0.018
0.03 0.2 9 -59.99 -90 0.0275
0.01 0.4 9 -59.99 -90 0.1174
0.015 0.4 9 -59.992 -90 0.1036
0.0198 0.4 9 -59.994 -90 0.0552
0.0236 0.4 9 -59.994 -90 -0.162
0.0266 0.4 9 -59.994 -90 -0.03
0.01 0.6 9 -59.989 -90 -0.053
0.0144 0.6 9 -59.989 -90 -0.079
0.0175 0.6 9 -59.99 -90 0.1739
0.0205 0.6 9 -59.996 -90 -0.163
0.0229 0.6 9 -59.996 -90 0.1258
0.0098 0.8 9 -59.996 -90 0.0253
0.0131 0.8 9 -59.996 -90 0.1463
0.0159 0.8 9 -59.998 -90 -0.222
0.0185 0.8 9 -59.996 -90 -0.073
CT X CT X pwr(Nm/s)
-0.1313
-0.1725
-0.2272
-0.2671
-0.2868
-0.3011
-0.3693
-0.3546
-0.3463
-0.2374
-0.1428
-0.1258
-0.0957
0.0894
0.1461
0.2409
0.2717
0.5447
0.3882
0.3897
0.3134
-0.2225
-0.299
-0.372
-0.4053
-0.4286
-0.3951
-0.4882
-0.533
-0.4309
-0.2964
-0.2428
-0.1791
-0.07
-0.0148
0.0147
0.2867
0.4146
0.1169
0.4333
-0.013
-0.023
-0.009
-0.008
-0.005
0.0137
-0.005
-0.014
-0.008
-0.001
-0.021
-0.015
-0.007
-0.027
-0.015
-0.003
-0.014
0.0222
-0.018
-0.014
0.0063
-6E-04
0.0081
0.0073
-0.006
0.0042
0.0112
-0.008
-0.01
-0.001
0.0059
0.0092
-0.011
-0.018
0.011
-0.003
-0.007
0.0028
0.0202
-0.006
0.0423
0.103
0.2243
0.3993
0.6019
0.3319
0.8852
1.3669
1.85
0.6913
0.8383
1.1289
1.1102
0.2947
1.2752
2.5437
3.5405
3.189
3.89
5.1693
5.0933
0.0592
0.164
0.3494
0.5866
0.8841
0.4183
1.1003
2.0098
2.2776
2.0544
0.7374
1.0445
0.7684
0.4993
0.4828
1.4348
3.0105
1.5493
5.4709
airpwr pwr NC
0.0039 0.0384
0.0067 0.0963
0.0105 0.2138
0.0155 0.3838
0.0216 0.5803
0.0313 0.3006
0.0534 0.8318
0.0831 1.2838
0.1134 1.7366
0.1057 0.5856
0.1708 0.6675
0.2357 0.8932
0.3021 0.8081
0.1342 0.1606
0.3507 0.9245
0.4669 2.0768
0.5752 2.9653
0.4455 2.7435
0.6308 3.2592
0.8017 4.3676
0.9592 4.1342
0.0033 0.0559
0.0061 0.1579
0.0099 0.3394
0.0149 0.5718
0.0209 0.8631
0.0264 0.3919
0.0484 1.0519
0.0779 1.9319
0.1067 2.1709
0.1339 1.9205
0.0891 0.6483
0.1529 0.8916
0.2123 0.5561
0.279 0.2202
0.3417 0.1411
0.2048 1.23
0.311 2.6995
0.4289 1.1204
0.5512 4.9197
0.0188
0.0092
0.0123
0.0147
0.016
0.0197 0.8 9 -59.994 -90 0.0174 0.3924 -0.016 5.5624 0.6155 4.9469 1
0.0092 1 9 -59.99 -90 -0.012 0.8817 0.0196 4.8481 0.3693 4.4788 3
0.0115 1 9 -59.989 -90 -0.135 0.2778 0.0413 2.8249 0.5014 2.3234 3
0.0144 1 9 -59.989 -90 0.2854 0.5425 -0.005 6.6934 0.7066 5.9869 2
0.0165 1 9 -59.99 -90 -0.011 0.5195 -0.031 8.2427 0.8838 7.3589 2
0.0183 1 9 -59.989 -90 0.2503 0.3782 -0.015 7.3353 1.056 6.2793 2
0.01 0.2 9 -44.998 -90 -0.013 -0.1873 -0.004 0.0515 0.0028 0.0487 5
0.015 0.2 9 -44.998 -90 -0.044 -0.3234 0.0122 0.1745 0.0056 0.1689 3
0.02 0.2 9 -44.996 -90 -0.052 -0.399 -0.003 0.3676 0.0094 0.3582 5
0.025 0.2 9 -44.995 -90 -0.037 -0.4393 0.0173 0.6266 0.0144 0.6122 5
0.03 0.2 9 -44.993 -90 0.0172 -0.5007 -0.006 1.0184 0.0205 0.998 4
0.01 0.4 9 -44.991 -90 0.0955 -0.3719 0.003 0.3691 0.0226 0.3466 5
0.015 0.4 9 -44.995 -90 0.0395 -0.5247 -0.017 1.1406 0.0446 1.096 5
0.0198 0.4 9 -44.996 -90 -0.034 -0.5399 -0.002 2.0062 0.0744 1.9318 5
0.0238 0.4 9 -45.002 -90 -0.022 -0.4031 0.0038 2.1561 0.1048 2.0513 5
0.027 0.4 9 0.0036 -90 -0.033 -0.3508 0.0162 2.2108 0.1282 2.0826 3
0.01 0.6 9 -44.991 -90 0.0094 -0.2798 0.0183 0.726 0.0762 0.6499 3
0.0145 0.6 9 -44.989 -90 -0.124 -0.1539 -0.006 0.8965 0.1412 0.7553 3
0.0176 0.6 9 -44.989 -90 -0.037 -0.0362 0.0085 0.5667 0.2013 0.3653 3
0.0203 0.6 9 -44.986 -90 -0.262 0.006 -0.01 0.3771 0.2623 0.1148 2
0.023 0.6 9 -44.986 -90 0.0031 0.0425 0.0135 0.8542 0.3307 0.5235 2
0.0098 0.8 9 -44.984 -90 0.0355 0.4043 0.0158 1.7197 0.1756 1.544 5
0.0132 0.8 9 -44.984 -90 0.0213 0.6156 -0.011 4.1685 0.2865 3.882 3
0.0163 0.8 9 0.0036 -90 0.1339 0.5531 0.0218 5.0676 0.3729 4.6947 3
0.0187 0.8 9 -44.996 -90 0.0307 0.5802 0.0247 7.4172 0.5322 6.885 2
0.021 0.8 9 -44.998 -90 -0.002 0.5767 0.0248 9.2902 0.6611 8.6291 1
0.0091 1 9 0.0036 -90 0.0626 0.7918 0.0075 3.5762 0.2298 3.3464 3
0.0124 1 9 -45.002 -90 -0.072 0.624 0.0221 5.6744 0.4984 5.176 3
0.0148 1 9 -45 -90 0.1742 0.575 0.023 7.2416 0.6776 6.564 2
0.0169 1 9 -44.996 -90 0.14 0.5153 0.0153 8.4634 0.8621 7.6013 2
0.0188 1 9 -44.998 -90 0.1483 0.385 -0.021 7.7197 1.0497 6.6699 2
0.01 0.2 9 -29.993 -90 -0.009 -0.1352 -0.01 0.0353 0.0025 0.0329 5
0.015 0.2 9 -29.99 -90 -0.036 -0.2618 0.0116 0.1371 0.0052 0.1318 3
0.02 0.2 9 -29.993 -90 -0.025 -0.3443 0.0062 0.3132 0.0091 0.3041 3
0.025 0.2 9 -29.993 -90 0.0125 -0.4131 0 0.5809 0.0141 0.5669 3
0.03 0.2 9 -29.997 -90 -0.034 -0.5327 0.0075 1.0702 0.0201 1.0501 2
0.01 0.4 9 -29.999 -90 -0.033 -0.3415 0.0154 0.3382 0.0198 0.3184 3
0.015 0.4 9 -29.999 -90 0.1029 -0.3238 -0.01 0.7016 0.0419 0.6597 3
0.0198 0.4 9 -29.995 -90 -0.007 -0.4528 0.0003 1.6677 0.0717 1.596 4
0.0238 0.4 9 -29.992 -90 -0.023 -0.2602 0.0064 1.4275 0.1024 1.3251 4
0.0269 0.4 9 -30.004 -90 -0.099 -0.1936 0.0119 1.3627 0.1299 1.2328 2
0.01 0.6 9 -29.993 -90 -0.047 -0.2783 0.0083 0.6448 0.067 0.5779 3
0.0144 0.6 9 -29.993 -90 -1.155 -0.2873 0.0269 1.3793 0.1317 1.2476 2
0.0177 0.6 9 -29.995 -90 -0.056 0.056 0.0294 0.6056 0.1949 0.4106 3
0.0207 0.6 9 -29.995 -90 -0.055 0.2022 0.0052 1.9067 0.2626 1.6441 3
0.0233 0.6 9 -29.999 -90 -0.091 0.2326 0.0342 2.7312 0.3295 2.4018 2
0.0098 0.8 9 -30.002 -90 -0.022 0.2766 -0.002 1.1858 0.1542 1.0316 4
0.0133 0.8 9 -29.999 -90 -0.033 0.5128 0.05 3.4664 0.2674 3.1991 4
0.0163 0.8 9 -30.001 -90 0.0316 0.5484 0.0062 5.3679 0.3911 4.9768 2
0.0188 0.8 9 -30.004 -90 0.0955 0.5869 0.0312 7.5446 0.5163 7.0283 1
0.0188 0.8 9 -30.004 -90 0.0921 0.5608 0.0181 7.1586 0.5163 6.6423 2
0.0203 0.8 9 -30.004 -90 0.1568 0.6561 0.0546 9.7235 0.5983 9.1252 1
0.0093 1 9 -30.002 -90 -0.005 0.6899 0.0082 3.6987 0.2708 3.4279 1
0.0124 1 9 -30.001 -90 0.063 0.5471 0.039 4.9289 0.4546 4.4744 3
0.0143 1 9 -29.995 -90 0.2703 0.5588 0.032 6.6223 0.5977 6.0246 1
0.0161 1 9 -29.995 -90 0.3123 0.5371 0.0421 7.9367 0.745 7.1917 1
0.0174 1 9 -29.995 -90 0.269 0.5105 0.0339 8.7475 0.8701 7.8774 1
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